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PART 1 FUNDAMENTALS OF 
ELECTRIC ENGINEERING 


Chapter 1 Circuit Fundamentals 


1.1 Electrostatic Charges 


Protons and electrons are parts of atoms that make up all things in our world. The positive 
charge of a proton is similar to the negative charge of an electron. However, a positive charge is 
the opposite of a negative charge. These charges are called electrostatic charges. Each charged 
particle is surrounded by an electrostatic field. t"? 

The effect that electrostatic charges have on each other is very important. They either repel 
(move away) or attract (come together) each other. It is said that like charges repel and unlike 
charges attract. 

The atoms of some materials can be made to gain or lose electrons. The material then be- 
comes charged. One way to do this is to rub a glass rod with a piece of silk cloth. The silk cloth 
pulls electrons ( — ) away from the glass. The glass rod loses electrons, so it now has a positive 
( + ) charge. Since the silk cloth gains new electrons, it now has a negative ( — ) charge. Anoth- 
er way to charge a material is to rub a rubber rod with fur. 

It is also possible to charge other materials when they are brought close to another charged ob- 
ject. If a charged rubber rod is touched against another material, the second material may become 
charged. '*) Remember that materials are charged due to the movement of electrons and protons. 

Charged materials affect each other due to lines of force. These imaginary lines cannot be 
seen. However, they exert a force in all directions around a charged material. Their force is simi- 
lar to the force of gravity around the earth. This force is called a gravitational field. 

Most people have observed the effect of static electricity. Whenever objects become charged, 
it is due to static electricity. A common example of static electricity is lightning. Lightning is 
caused by a difference in charge ( + and — ) between the earth’s surface and the clouds during a 
storm. The arc produced by lightning is the movement of charges between the earth and the 
clouds. Another common effect of static electricity is being “shocked” by a doorknob after walk- 


ing across a carpeted floor. Static electricity also causes clothes taken from a dryer to cling togeth- 
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er and hair to stick to a comb. 

Electrical charges are used to filter dust and soot in devices called electrostatic filters. Electro- 
static precipitators are used in power plants to filter the exhaust gas that goes into the air. '*! Static 
electricity is also used in the manufacture of sandpaper and in the spray painting of automobiles. A 


device called an electroscope is used to detect a negative or positive charge. 


1.2 Conductors, Insulators and Semiconductors 


1.2.1 Conductors 


A material through which current flows is called a conductor. A conductor passes electric cur- 
rent very easily. Copper and aluminum wire are commonly used as conductors. Conductors are 
said to have low resistance to electrical current flow. Conductors usually have three or fewer elec- 
trons in the outer orbit of their atoms. °! Remember that the electrons of an atom orbit around the 
nucleus. Many metals are electrical conductors. Each metal has a different ability to conduct elec- 
tric current. Materials with only one outer orbit or valence electron (gold, silver, copper) are the 
best conductors. For example, silver is a better conductor than copper, but it is too expensive to 
use in large amounts. Aluminum does not conduct electrical current as well as copper, but it is 
cheaper and lighter than other conductors, so it was commonly used in the past. Copper is used 


more than any other conductor at present. 
1.2.2 Insulators 


There are some materials that do not allow electric current to flow easily. The electrons of 
materials that are insulators are difficult to release. In some insulators, their valence shells are 
filled with eight electrons. The valence shells of others are over half-filled with electrons. The at- 
oms of materials that are insulators are said to be stable. ‘°! Insulators have high resistance to the 


electric currents that pass through them. Some examples of insulators are plastic and rubber. 
1.2.3 Semiconductors 


Materials called semiconductors have become very important in electronics. Semiconductor 
materials are neither conductors nor insulators. Their classification also depends on the number of 
electrons that their atoms have in their valence shells. Semiconductors have 4 electrons in their va- 
lence shells. "! Remember that conductors have outer orbits less than half-filled and insulators ordi- 
narily have outer orbits more than half-filled. Some common types of semiconductor materials are 


silicon, germanium, and selenium. 


1.3 Current, Voltage and Resistance 


We depend on electricity to do many things that are sometimes taken for granted. There are 
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three basic electrical terms which must be understood, current, voltage, and resistance. 


1.3.1 Current 


Static electricity is caused by stationary charges. However, electrical current is the motion of 
electrical charges from one point to another. Electric current is produced when electrons are re- 
moved from their atoms. '*! A force or pressure applied to a material causes electrons to be re- 
moved. The movement of electrons from one atom to another is called electric currentflow. 

1. Current Flow 

The usefulness of electricity is due to its electric current flow. Current flow is the movement 
of electrical charges along a conductor. Static electricity, or electricity at rest, has some practical 
uses due to electrical charges. Electric current flow allows us to use electrical energy to do many 
types of work. 

The movement of valence shell electrons of conductors produces electrical current. The outer 
electrons of the atoms of a conductor are called free electrons. Energy released by these electrons 
as they move allows work to be done. '°! As more electrons move along a conductor, more energy 
is released. This is called an increased electric current flow. 

To understand how current flow takes place, it is necessary to know about the atoms of conduc- 
tors. Conductors, such as copper, have atoms that are loosely held together. Copper is said to have 
atoms connected together by metallic bonding. A copper atom has one valence shell electron, which 
is loosely held to the atom. These atoms are so close together that their valence shells overlap each 
other. Electrons can easily move from one atom to another. In any conductor the outer electrons 
continually move in a random manner from atom to atom. The random movement of electrons does 
not result in current flow, since electrons must move in the same direction to cause current flow. 

When electric charges are placed on each end of a conductor, there is a difference in the char- 
ges at each end of the conductor. Current flow takes place because the free electrons move in one 
direction. Remember that like charges repel and unlike charges attract. Free electrons have a nega- 
tive charge, so they are repelled by the negative charges at the same side. The free electrons are 
attracted to the positive charges on the other side and move to the other side from one atom to an- 
other. If the charges on each end of the conductor are increased, more free electrons will move. 
This increased movement causes more electric current flow. 

Current flow is the result of electrical energy caused as electrons change orbits. This impulse 
moves from one electron to another. When one electron moves out of its valence shell, it enters 
another atom’s valence shell. An electron is then repelled from that atom. This action goes on in 
all parts of a conductor. Remember that electric current flow produces a transfer of energy. 

2. Electronic Circuits 

Current flow takes place in electronic circuits. A circuit is a path or conductor for electric cur- 
rent flow. Electric current flows only when it has a complete, or closed-circuit, path. There must 


[10 


be a source of electrical energy to cause current to flow along a closed path. 'The electrical ener- 


gy is converted into more useful energy, for example the light energy. 


4 BALES Aste Ria 


Electric current cannot flow if a circuit is open. An open circuit does not provide a complete 
path for current flow. Free electrons of the conductor would no longer move from one atom to an- 
other. An example of an open circuit is a “burned-out” light bulb. Actually, the filament ( the 
part that produces light) has become open. The open filament of a light bulb stops current flow 
from the source of electrical energy. This causes the bulb to stop burning, or producing light. 

Another common circuit term is a short circuit. A short circuit, which can be very harmful, 
occurs when a conductor connects directly across the terminals of an electrical energy source. For 
safety purposes, a short circuit should never happen because short circuits cause too much current 
to flow from the source. If a wire is placed across a battery, a short circuit occurs. The battery 


would probably be destroyed and the wire could get hot or possibly melt due to the short circuit. 
1.3.2 Voltage 


Water pressure is needed to force water along a pipe. Similarly, electrical pressure is needed 
to force current along a conductor. If a motor is rated at 220 V, it requires 220 V of electrical 
pressure applied to the motor to force the proper amount of current through it. More pressure 
would increase the current flow and less pressure would not force enough current to flow. The mo- 
tor would not operate properly with too much or too little voltage. An electrical energy source such as 
a battery or generator produces current flow through a circuit. As voltage is increased, the amount of 


current in the circuit is also increased. Voltage is also called electromotive force (EMF). [a] 
1.3.3 Resistance 


The opposition to current flow in electrical circuits is called resistance. Resistance is not the 
same for all materials. The number of free electrons in a material determines the amount of opposi- 
tion to current flow. Atoms of some materials give up their free electrons easily. These materials 
offer low opposition to current flow. Other materials hold their outer electrons and offer high op- 
position to current flow. |!” 

Electric current is the movement of free electrons in a material. Electric current needs a 
source of electrical pressure to cause the movement of free electrons through a material. An elec- 
tric current will not flow if the source of electrical pressure is removed. A material will not release 
electrons until enough force is applied. With a constant amount of electrical force (voltage) and 
more opposition (resistance) to current flow, the number of electrons flowing (current) through 
the material is smaller. With constant voltage, current flow is increased by decreasing resistance. 
Decreased current results from more resistance. By increasing or decreasing the amount of resist- 
ance in a circuit, the amount of current flow can be changed. 

Even very good conductors have some resistance, which limits the flow of electric current 
through them. The resistance of any material depends on four factors; 

1) The material of which it is made; 

2) The length of the material; 


3) The cross-sectional area of the material; 


Chapter 1 Circuit Fundamentals 5 


4) The temperature of the material. 

The material of which an objectbeing made affects its resistance. The ease with which differ- 
ent materials give up their outer electrons is very important in determining resistance. Silver is an 
excellent conductor of electricity. Copper, aluminum, and iron have more resistance but are more 
commonly used, since they are less expensive. All materials conduct an electric current to some 
extent, even though some (insulators) have very high resistance. 

Length also affects the resistance of a conductor. The longer a conductor, the greater the re- 
sistance is. A material resists the flow of electrons because of the way in which each atom holds 
onto its outer electrons. The more material that is in the path of an electric current, the less current 
flow the circuit will have. If the length of a conductor is doubled, there is twice as much resist- 
ance in the circuit. 

Another factor that affects resistance is the cross-sectional area of a material. The greater the 
cross-sectional area of a material is, the lower the resistance. If two conductors have the same 
length but twice the cross-sectional area, there is twice as much current flow through the wire with 
the larger cross-sectional area. 

Temperature also affects resistance. For most materials, the higher the temperature, the more 
resistance it offers to the flow of electric current. This effect is produced because a change in the 
temperature of a material changes the ease with which a material releases its outer electrons. A few 
materials, such as carbon, have lower resistance as the temperature increases. The effect of tem- 
perature on resistance varies with the type of material. The effect of temperature on resistance is 


the least important of the factors that affect resistance. 


1.4 Measuring Resistance, Voltage and Current 


Another important activity in the study of electronics is measurement. Measurements are 
made in many types of electronic circuits. The proper ways of measuring resistance, voltage, and 
current should be learned. 

Volt-Ohm-Milliammeters (VOMs) , or multimeters , are the most used meters for doing elec- 
tronic work. A VOM is often used to measure resistance , voltage, and current by electronics tech- 
nicians. The type of measurement is changed by adjusting the “function-select switch” to the de- 
sired measurement. 

The test leads used with the VOM are ordinarily black and red. These colors are used to help 
identify which lead is the positive and which is the negative side of the meter. Red indicates posi- 
tive ( + ) polarity and black indicates the negative ( — ) polarity. The red test lead is put in the 
hole, or jack, marked V - Q - A, or volts — ohms - amperes. The black test lead is put in the 
hole, or jack, labeled-COM. 


1.4.1 Measuring Resistance 


Many important electrical tests may be made by measuring resistance. Resistance is opposi- 
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tion to the flow of current in an electrical circuit. The current that flows in a circuit depends upon 
the amount of resistance in that circuit. You should learn to measure resistance in an electronic cir- 
cuit by using a meter. 

The ohmmeter ranges of a VOM, or multimeter, is used to measure resistance. The basic 
unit of resistance is the ohm (©). When the test leads are touched together, or “shorted” , the 
meter is operational, indicating zero (0) ohms. 

Never measure the resistance of a component until it has been disconnected, if not the reading 
may be wrong. Voltage should never be applied to a component when its resistance is being meas- 


ured. 
1.4.2 Measuring Voltage 


Voltage is applied to electrical equipment to cause it to operate. It is important to be able to 
measure voltage to check the operation of equipment. Many electrical problems develop when ei- 
ther too high or too low voltage is applied to the equipment. Voltage is measured in volts (V). A 
voltmeter ranges of a VOM is used to measure voltage in an electrical circuit. 

When making voltage measurements, connect the red and black test leads to the meter by 
putting them into the proper jacks. The red test lead should be put into the jack labeled V-Q-A. 
The black test lead should be put into the jack labeled-COM. 

The proper voltage range is chosen. Before making any measurements, adjust the function- 
select switch to the highest voltage range. The value of the range being used is the maximum value 
of voltage that can be measured on that range. For example, when the range selected is 12 V, the 
maximum voltage that the meter can measure is 12 V. Any voltage above 12 V could damage the 
meter. To measure a voltage that is unknown, start by using the highest range on the meter. Then 
slowly adjust the range downward until a voltage reading is indicated on the right side of the meter 
scale. 

AC (Alternating Current) voltage is measured with a VOM and polarity of the meter leads is 
not important because AC changes direction. Matching the polarity of the meter to the voltage po- 
larity is very important when measuring DC (Direct Current) voltage, since direction current 
flows only in one direction. Meter polarity is simple to determine. The positive ( + ) red test 
lead is connected to the positive side of the DC voltage being measured. The negative ( — ) black 
test lead is connected to the negative side of the DC voltage being measured. The meter is always 


connected across (in parallel with) the DC voltage or AC voltage being measured. 
1.4.3 Measuring Current 


Current flows through a complete electrical circuit when voltage is applied. Many important 
tests are made by measuring current flow in electrical circuits. The current values in an electrical 
circuit depend on the amount of resistance in the circuit. The basic unit of current is ampere (A). 
Current is commonly measured in units called milliamperes (mA) and microamperes (pA). 


Learning to use an ammeter to measure current in an electrical circuit is very important. 
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The function-select switchof a VOM may be adjusted to any one of the current ranges. The 
value of the current set on the range is the maximum value that can be measured on that range. For 
example, when the function-select switch is placed in the 120 mA range, the meter is capable of 
measuring up to 120 mA of current. The function-select switch should first be adjusted to the high- 
est range of direct current. Current is measured by connecting the meter into a circuit, i. e. con- 
necting the meter in series with the circuit. Current flows from a voltage source when some device 
that has resistance is connected to the source. |! 

Always remember the following safety tips when measuring current; 

1) Turn off the voltage before connecting the meter in order not to get an electrical shock. 
This is an important habit to develop. 

2) Set the meter to its highest current range. 

3) Disconnect a wire from the circuit and put the meter in series with the circuit. 


4) Use the proper meter polarity. 


1.5 DC Series Electrical Circuit 


There are three types of electrical circuits. They are called series circuits, parallel circuits, 
and combination circuits. The easiest type of circuit to understand is the series circuit. ‘4 Series 
circuits are different from other types of electrical circuits. In a series circuit, there is only one 
path for current to flow. Since there is only one current path, the current flow is the same value in 
any part of the circuit. The voltages in the circuit depend on the resistance of the components in 
the circuit. When a series circuit is opened, there is no path for current flow. Thus, the circuit 


does not operate. It is important to remember the characteristics of a series circuit. 














In the circuit examples that follow, subscripts (such Ri 
as in R,, Vy, Z ) are used to identify electrical compo- rere 
nents in circuit diagrams. The circuit shown in Fig. 1-1 has 
two resistors and a battery. The resistors are labeled R, and 20V Ae 
R,. The subscripts identify each of these resistors. Sub- Ry 
scripts also aid in making measurements. The voltage drop ae 
across resistor R, is called voltage drop V,. The term total Fig. 1-1 Series Electrical Circuit 


is represented by the subscript T, such as in V}, which is 
total voltage applied to a circuit. The current measurement /, is the current through resistor R,. 
Total current is J,. The voltage drop across R, is called V,. 

Subscripts are also valuable in troubleshooting and repair of electronic equipment. It would be 
impossible to isolate problems in equipment without components that are easily identified. 

The main characteristic of a series circuit is that it has only one path for current flow. In the 
circuit shown in Fig. 1-1 , current flows from the positive side of the voltage source through resistor 
R, , through resistor R, , and then to the negative side of the voltage source. Another characteristic 


of a series circuit is that the current is the same everywhere in the circuit. A VOM can be placed 
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into the circuit to measure current. 

In any series circuit, the sum of the voltage drops is equal to the voltage applied to the cir- 
cuit. The circuit shown in Fig. 1-1 has voltage drops of 12 V plus 8 V, which is equal to 20 V. 
Another characteristic of a series circuit is that its total resistance to current flow is equal to the 
sum of all resistance in the circuit. In the circuit shown in Fig. 1-1, the total resistance of the cir- 
cuit is the sum of the two resistances if the internal resistance is not considered, so the total resist- 
ance is equal to 15 Q plus 10 Q , i e. 250. 

When a series circuit is opened, there is no longer a path for current flow. The circuit will 
not operate. In the circuit of Fig. 1-1, if R, and R, are replaced respectively by Lamp | and Lamp 
2, when the Lamp 1 is burned out, its filament is open. Since a series circuit has only one current 
path, that path is broken. No current flows in the circuit. The Lamp 2 will not work either. If one 
light burns out, the others go out also. 

Ohm’s law is used to explain how a series circuit operates. In the circuit of Fig. 1-1, the total 
resistance is equal to 15 Q plus 10 Q , i.e. 25 Q . The applied voltage is 20V. Current is equal 
to voltage divided by resistance, i.e. 1=V/R. In the circuit shown, current is equal to 20 V di- 
vided by 25 Q , which is 0.8 A. If a current meter were connected into this circuit, the current 
measurement would be 0.8 A. Voltage drops across each of the resistors may also be found. Volt- 
age is equal to current times resistance (V=IxR). The voltage drop across R, (V,) is equal to 
the current through R, (0.8 A) times the value of R, (15 Q ), whichis0.8Ax15Q,i-e. 12 
V. The voltage drop across R, (V,) equals 0.8 Ax10 Q , i.e. 8 V. The sum of these voltage 
drops is equal to the applied voltage. To check these values, add 12V plus 8V, which is equal to 
20 V. 

If another resistance is added to a series circuit, the resistance of the total circuit will be in- 
creased. The current flow becomes smaller. The circuit now has R, (a5 Q resistor) added in se- 
ries to R, and R,. The total resistance is now 15 Q + 100 +50, i.e 30 Q , compared to 25 
Q, in the previous example. The current is now 0. 67 A. 

There are several important characteristics of series circuits; 

1) The same current flows through each part of a series circuit. 

2) The total resistance of a series circuit is equal to the sum of the individual resistances. 

3) The voltage applied to a series circuit is equal to the sum of the individual voltage drops. 

4) The voltage drop across a resistor in a series circuit is directly proportional to the size of 
the resistor. 


5) If the circuit is broken at any point, no current will flow. 


1.6 Alternating Current Voltage 


When an Alternating Current (AC) source is connected to some type of load, current direc- 
tion changes several times in a given unit of time. Remember that DC flows in one direction only. 


This waveform is called an AC sine wave. When the AC generator shaft rotates one complete rev- 
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olution, or 360°, one AC sine wave is produced. Note that the sine wave has a positive peak at 
90° and then decreases to zero at 180°. It then increases to a peak negative voltage at 270° and 
then decreases to zero at 360°. The cycle then repeats itself. Current flows in one direction during 


the positive part and in the opposite direction during the negative half-cycle. 
1.6.1 Parameters Associated with AC Sine Wave 


If the time required for an AC generator to produce five cycles were 1 s, the frequency of the 
AC would be 5 cycles per second. AC generators at power plants in the United States operate at a 
frequency of 60 cycles per second, or 60 hertz (Hz). The hertz is the international unit for fre- 
quency measurement. If 60 AC sine waves are produced every second, a speed of 60 revolutions 
per second is needed. This produces a frequency of 60 cycles per second. 

Fig. 1-2 shows several voltage values associated with single-phase AC. Among these are peak 
positive, peak negative, and peak-to-peak AC values. Peak positive is the maximum positive volt- 
age reached during a cycle of AC. Peak negative is the maximum negative voltage reached. Peak- 
to-peak is the voltage value from peak positive to peak negative. These values are important to 
know when working with radio and television amplifier circuits. For example, the most important 
AC value is called the effective, or measured, value. This value is less than the peak positive val- 
ue. A common AC voltage is 220 V, which is used in homes. This is an effective value voltage. 
Its peak value is about 311V. |! Effective value of AC is defined as the AC voltage that will do 
the same amount of work as a DC voltage of the same value. For instance, a lamp should produce 
the same amount of brightness with a 10V AC effective value as with 10 V DC applied. When AC 


voltage is measured with a meter, the reading indicated is effective value. 


























Fig. 1-2 AC Voltage Waveform for a Cycle 


In some cases, it is important to convert oneAC value to another. For instance, the voltage 
rating of electronic devices must be greater than the peak AC voltage applied to them. If 220 V 
AC is the measured voltage applied to a device, the peak voltage is about 311 V, so the device 
must be rated over 311 V rather than 220 V. 

To determine peak AC, when the measured or effective value is known, the formula 

V peak = 1. 414V ose 


is used. When220 V is multiplied by the conversion factor 1. 414, the peak voltage is found to be 
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about 311 V. 
Two other important terms are RMS value and average value. RMS stands for root mean 
square and is equal to 0. 707 times peak value. RMS refers to the mathematical method used to de- 
termine effective voltage. RMS voltage and effective voltage are the same. Average voltage is the 
mathematical average of all instantaneous voltages that occur at each period of time throughout an 
alternation. The average value is equal to 0. 636 times the peak value. 
The term phase refers to time, or the 1 3 
difference between one point and another. 
If two sine-wave voltages reach their zero 
and maximum values at the same time, 


L16] Fig, 1-3 shows two 


they are in phase. 
AC voltages, 1 and 2 that are in phase. If 


two voltages reach their zero and maxi- 





mum values at different times , they are out 
of phase. Fig. 1-3 shows two AC voltages, Fig. 1-3 The Phase Waveforms of AC Voltages 
1 and 3 that are out of phase. Phase differ- 


ence is given in degrees. The voltages shown are out of phase by 90°. 


1.6.2 Single-Phase and Three-Phase AC Voltages 


Single-phase AC voltage is produced by single-phase AC generators or is obtained across two 
power lines of a three-phase system. A single-phase AC source has a hot wire and a neutral wire. 
Single-phase AC voltage is used for low-power applications. The type of power distributed to our 
homes is single-phase AC voltage. 

Three-phase AC voltage is produced by three-phase generators at power plants and is a com- 
bination of three single-phase voltages, which are electrically connected together. Almost all elec- 
trical power is generated and transmitted over long distances as three-phase AC. This voltage is 
similar to three single-phase sine waves separated in phase by 120°. Three-phase AC is used to 
power large equipment in industry and commercial buildings. It is not distributed to homes. There 
are three power lines on a three-phase system. Some three-phase systems have a neutral connection 
and others do not. |”! 

Three-phaseAC systems have several 
advantages over single-phase systems. In a 
single-phase system, the power is said to 
be pulsating. The peak values along a sin- 


gle-phase AC sine wave are separated by 





360°, for example, the U phase as shown 


in Fig. 1-4. This is similar to a one-cylin- 





























der gas engine. A three-phase system is 


some what like a multi-cylinder gas en- Fig. 1-4 Waveform for Three-Phase AC Voltages 
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gine. The power is steadier since one cylinder is compressing while the others are not. The power 
of one separate phase is pulsating, but the total power is more constant. The peak values of three- 
phase AC are separated by 120°, as shown in Fig. 1-4. These make three-phase AC power more 
desirable to use. 

The power ratings of motors and generators are greater when three-phase AC powers are 
used. For a certain frame size, the rating of a three-phase AC motor is almost 50% larger than a 


similar single-phase AC motor. [183 


New Words and Expressions 


1. electrostatic adj. Hf HS 19. resistance n. HABA 
2. charge n. Eff 20. circuit n. HES 
3. positive adj. IEY 21. electromotive 

force (EMF) He hy 
4. negative adj. fin 22. repel v. HE 
5. electron n. HAF 23. multimeter n. HHK 
6. proton n. WET 24. milliammeter n. ZER 
7. gravitational adj. 5| FAY 25. ammeter n. WK 
8. precipitator n. FAYE At 26. ohmmeter n. KK UES 
9. power plant ACFE” 27. voltmeter n. FARR 
10. current n. Ei 28. polarity n. tRPE 
11. conductor n. 4% 29. parallel n. JH% 
12. insulator n. 442A 30. series n. EK 
13. semiconductor n. “6544 31. filament n. KJ ZZ 
14. valence shell fH TJE 32. resistor n. FAA AE 
15. silicon n. tË 33. phase n. HA 
16. germanium n. $f 34. hot wire Kk 
17. selenium n. M 35. neutral wire Pk 
18. voltage n. EE 36. electrical power HAVE 
Notes 


[1] However, a positive charge is the opposite of a negative charge. These charges are 


called electrostatic charges. Each charged particle is surrounded by an electrostatic field. 


AM, TE FE fay Sj 00H fag EASY, EBAR AeA HE A SG 








[2] The effect that electrostatic charges have on each other is very important. They either re- 
pel (move away) or attract (come together) each other. It is said that like charges repel and un- 
like charges attract. 

Bes HL fy BOC TA A A ER A, ENA OA), RARI (ARSE). A 
es AY MATT eS PEA, EHK 
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[3] It is also possible to charge other materials when they are brought close to another 
charged object. If a charged rubber rod is touched against another material, the second material 
may become charged. 

2D BS 5 ri HE AEE NY, a eet EE fy, AR i EY AR IB a 5 — OB 
fk, EAT DAE aS i E BT o 


[4] Electrical charges are used to filter dust and soot in devices called electrostatic filters. 





Electrostatic precipitators are used in power plants to filter the exhaust gas that goes into the air. 
ERRAR BIERA, BERERE, EE, EHR BE at 
PETE AEE 28 TP ET 
[5] Conductors are said to have low resistance to electrical current flow. Conductors usually 
have three or fewer electrons in the outer orbit of their atoms. 
SACOM TI AY HLT BAI), FARETE i A = ha T= PY HF 


[6] The electrons of materials that are insulators are difficult to release. In some insulators, 











their valence shells are filled with eight electrons. The valence shells of others are over half-filled 
with electrons. The atoms of materials that are insulators are said to be stable. 

HZ VAAL HL PE EBC, TE HEHE, EAP OTH AH H 
HARVEY OF HLF SE AE EE, RB AY JP ab a i FE AY o 

[7] Semiconductor materials are neither conductors nor insulators. Their classification also 
depends on the number of electrons that their atoms have in their valence shells. Semiconductors 
have 4 electrons in their valence shells. 

BSBA ESR, UAE, EMM ABR FRE AY BPE Jee HL T Z 
wo ABSA AY PA PH, 


[8] Static electricity is caused by stationary charges. However, electrical current is the mo- 











tion of electrical charges from one point to another. Electric current is produced when electrons are 
removed from their atoms. 

Aes ae FH RIL AS FEL tag PAE R, ameh BALAA — IS PE, 
PUNE AUGER BRIT, MAPEL 


[9] The movement of valence shell electrons of conductors produces electrical current. The 





outer electrons of the atoms of a conductor are called free electrons. Energy released by these elec- 
trons as they move allows work to be done. 

PART HE PH EAI BE LTE. SEAR SPB PON A, HE os 
SUPT REC AE EE, ATT 


[10] A circuit is a path or conductor for electric current flow. Electric current flows only 








when it has a complete, or closed-circuit, path. There must be a source of electrical energy to 
cause current to flow along a closed path. 

FEL AG ace HE, Dak Dik Jd eR AS, RA Fe eR AT a BR EI A A, 2 
ARKI | EH Tt A) K TI 


[11] An electrical energy source such as a battery or generator produces current flow through 

















a circuit. As voltage is increased, the amount of current in the circuit is also increased. Voltage is 
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also called electromotive force (EMF). 

FLARED, WMAP AC FAL, PPAR TCAD ADE. KEER, EP E Yat Ac ET 
HD, HL AL HH, 

[12] Atoms of some materials give up their free electrons easily. These materials offer low 
opposition to current flow. Other materials hold their outer electrons and offer high opposition to 
current flow. 

— LOBE An PEE IA A, HERO aa a EL MEA 
RACIT, Oise HAY BAT 


[ 13 ] Current is measured by connecting the meter into a circuit, i. e. connecting the meter in 

















series with the circuit. Current flows from a voltage source when some device that has resistance is 
connected to the source. 

HV) Eee HE ak EY ire FE ACA He A BR, ARS ERR, “SE A BELLY ie E RAA 
EIN RLS DA HR URE E Ti 


[14] There are three types of electrical circuits. They are called series circuits, parallel cir- 


E 





cuits, and combination circuits. The easiest type of circuit to understand is the series circuit. 
EEIN PSS, DIARRE, EHR AS SPIRAL S HL PRE EnA 
Ty EERI E RKA 


[15] For example, the most important AC value is called the effective, or measured, value. 





This value is less than the peak positive value. A common AC voltage is 220 V, which is used in 
homes. This is an effective value voltage. Its peak value is about 311V. 

An, BEES HY SCORE PK 975 KERNE, RAE EIE THIEL), GL OL FRITZ 
JERMEN 220V, IX HRA AALS, EE IETHER A 2 E 311V, 


[16] The term phase refers to time, or the difference between one point and another. If two 














sine-wave voltages reach their zero and maximum values at the same time, they are in phase. 
ARTE “RE” BCR ee EAT] Ek AS Ti], AS SE 5 E |] t a) BA 3S 
EM HLRINZE ALO, WM ENEM 


[17] Three-phase AC is used to power large equipment in industry and commercial build- 











ings. It is not distributed to homes. There are three power lines on a three-phase system. Some 
three-phase systems have a neutral connection and others do not. 

FEKETE LE EA SAA i SABC HLA BIKA AE, SAS 
ZRD R HP HRS MARRA PER, MARA FHER, 


[18] The power ratings of motors and generators are greater when three-phase AC powers 








are used. For a certain frame size, the rating of a three-phase AC motor is almost 50% larger than 
a similar single-phase AC motor. 

PEA SAAC EIA, Ha SLA Ac HL AY 8 BE LE EP KE. MSE BY 
FP AY ZS TALL OL, SC Tit B UL A DRAE ELBE ECE SE CHE EL LK 50% - 





Chapter 2 Analog Electronics 


2.1 Introduction 


Electronic systems based on analog principles form an important class of electronic de- 
vices. The frequency-modulated (FM) receiver is one common example of analog electronic sys- 
tems. Although modern receivers contain certainly digital components as well, the transmitted sig- 
nal is analog. The input to an FM receiver is an FM signal. The signal is an analog, that is, it is 
a continuous function of time and can have any amplitude. Many electrical instruments, e. g. volt- 
meters, ammeters, wattmeter and oscilloscopes also utilize analog techniques, at least in part. w 

Feedback is an important concept in analog electronics. Feedback is a technique by which 
gain of the analog system can be exchanged for other desirable qualities such as widerbandwidth 
and linearity. [2] Without feedback, the analog system such as FM or TV receiver would at best of- 
fer poor performance. 

Operational amplifier is one of the important components in analog electronics. The basic 
building blocks for an analog circuit are provided by the operational amplifier. [3] In this chapter, 
we will present some of the common applications of operational amplifiers. Understanding of the 
benefits of feedback provides the foundation for appreciating the many uses of op-amps in analog 


electronics. 


2.2 Operational Amplifiers 


2.2.1 Integrated-Circuit Amplifying Systems 


A number of manufacturers market amplifying systems in integrated-circuit packages. A wide 
range of different intergrated circuits (ICs) are available. Some of these are designed to perform 
one specific system function. This includes such things as preamplifiers, linear signal amplifiers , 
and power amplifiers. [4] Other ICs may perform as a complete system. Electrical power for opera- 
tion and only a limited number of external components are needed to complete the system. Low- 
power audio amplifiers and stereo amplifiers are examples of these devices. 

An operational amplifier or op-amp is a high-performance, directly coupled amplifier circuit 
containing several transistor devices. 1"! The entire assembly is built on a small silicon substrate and 
packaged as an IC. ICs of this type are capable of high-gain signal amplification from DC to sev- 
eral million hertz. An op-amp is a modular, multistage amplifying device. Operational amplifiers 


provide basic building blocks for analog circuits in the same way that NOR and NAND gates are 
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basic building blocks for digital circuit. 
2.2.2 Properties and Construction 


Operational amplifiers have several important properties. They have open-loop gain capabili- 
ties in the range of 200, 000 with an input impedance of approximately 2 M Q . The output im- 
pedance is rather low, with values in the range of 50 Q or less. Their bandwidth, or ability to am- 
plify different frequencies, is rather good. The gain does, however, have a tendency to drop, or 
roll off, as the frequency increases. 

The internal construction of an op-amp is quite complex and usually contains a large number 
of discrete components. The internal circuitry of an op-amp can be divided into three functional 
units. Fig. 2-1 shows a simplified diagram of the internal functions of an op-amp. Notice that each 
function is enclosed in a triangle. Electronic schematics use the triangle to denote the amplification 
function. This diagram shows that the op-amp has three basic amplification functions. These func- 
tions are generally called stages of amplification. A stage of amplification contains one or more ac- 


tive devices and all the associated components is needed to achieve amplification. ‘°! 


Differential Intermediate Low-impedance 
amplifier stage amplifier stage amplifier stage 
Inverting 
input 
Noninverting Output 
input 


Fig. 2-1 Simplified Diagram of the Internal Functions of an Op-Amp 


The first stage, or input, of an op-amp is usually a differential amplifier. This amplifier has 
two inputs, which are labeled V1 and V2. It provides high gain of the signal difference supplied to 
the two inputs and low gain for common signals applied to both inputs simultaneously. The input 
impedance is high to any applied signal. The output of the amplifier is generally two signals of 
equal amplitude and 180° out of phase. This could be described as a push-pull input and output. 

One or more intermediate stages of amplification follow the differential amplifier. An op-amp 
with only one intermediate stage is shown in Fig. 2-1. This amplifier is designed to shift the oper- 
ating point to a zero level at the output and has high current and voltage gain capabilities. In- 
creased gain is needed to drive the output stage without loading down the input. The intermediate 
stage generally has two inputs and a single-ended output. 

The output stage of an op-amp has a rather low output impedance and is responsible for devel- 
oping the current needed to drive an external load. Its input impedance must be great enough that 
it does not load down the output of the intermediate amplifier. ‘| The output stage can be emitter- 
follower amplifier or two transistors connected in a complementary-symmetry configuration. Volt- 
age gain is rather low in this stage with a sizable amount of current gain. 

Theaudio amplifier, LM379, is a dual 6W audio amplifier. This particular IC offers high- 


quality performance for stereo phonographs, tape players, recorders, and AM-FM stereo receiv- 
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ers. The internal circuitry of this IC has 52 transistors, 48 resistors, a zener diode, and two silicon 
diodes. This particular amplifier is designed to operate with a minimum of external components. It 
contains internal bias regulation circuitry for each amplifier section. Overload protection consists of 
internal current-limiting and thermal shutting down circuits. [8] The LM 379 has high gain capabili- 
ties. The supply voltage can be from 10 V to 35 V. Approximately 0.5 A of current is needed for 
each amplifier. This particular IC must be mounted to a heat sink. A hole is provided in the hous- 
ing for a bolted connection to the heat sink. A person working, with an op-amp does not ordinari- 
ly need to be concerned with its internal construction. It is helpful, however, to have some gener- 
al understanding of what the internal circuitry accomplishes. This permits the user to see how the 
device performs and indicates some of its limitations as a functioning unit. A number of companies 
manufacture amplifying system ICs today. As a general rule, a person should review the technical 


data developed by these manufacturers before attempting to use a device. 
2.2.3 Schematic Symbol of an OP-AMP 


An op-amp has at least five terminals or connections in its construction. Two of these are for 
the power supply voltage, two are for differential input, and one is for the output. [°] There may 
be other terminals in the makeup of this device, depending on its internal construction or intended 
function. Each terminal is generally attached to a schematic symbol at some convenient location. 
Numbers located near each terminal of the symbol indicate pin designations. 

The schematic symbol of an op-amp is generally displayed as a triangular-shaped wedge. The 
triangle symbol in this case denotes the amplification Positive power 
function. A typical symbol with its terminals labeled is supply 
shown in Fig. 2-2. The point, or apex, of the triangle 
identifies the output. The two leads labeled minus _ Inverting 


input 


( —) and plus ( + ) identify the differential input ter- Output 


minals. The minus sign indicates inverting input and Noninverting 
: 2 ENa 2 input 
the plus sign denotes non-inverting input. A signal ap- 
Negative power 
supply 
output. Standard op-amp symbols usually have the in- Fig. 2-2 Schematic Symbol of an Op-Amp 


plied to the minus input will be inverted 180° at the 


verting input located in the upper-left corner. A signal 

applied to the plus input will not be inverted and remains in phase with the input. |"! The plus in- 
put is located in the lower-left corner of the symbol. In all cases, the two inputs are clearly identi- 
fied as plus and minus inside the triangle symbol. 

Connections or terminals on the sides of the triangle symbol are used to identify a variety of 
functions. The most significant of these are the two power supply terminals. Normally, the posi- 
tive voltage terminal ( V + ) is positioned on the top side and the negative voltage ( V — ) is on the 
bottom side. In practice, most op-amps are supplied by a split, or divided, power supply. This 
supply has V + , ground, and V — terminals. It is important that the correct voltage polarity be 


supplied to the appropriate terminals, or the device may be permanently damaged. A good rule to 
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follow for most op-amps is not to connect the ground lead of the power supply to V —. An excep- 
tion to this rule is the current-differencing amplifier (CDA) op-amp. These op-amps are made to 
be compatible with digital logic ICs and are supplied by a straight 5 - V voltage source. 

In the actual schematic symbol of an op-amp, the terminals are generally numbered and the 
element names are omitted. The manufacturer of the device supplies information sheets that identi- 
fy the pin-out and operating data. H" 

The schematic symbol of AD741 connected as an open-loop amplifier is shown in Fig. 2-3. 
The inputs of an op-amp are labeled minus ( — ) for inverting and plus ( + ) for the noninverting 
function, which also denotes the fact that the inputs are differentially related. Essentially, this 
means that the polarity of the developed output is based on the voltage difference between the two 
inputs. In Fig. 2-3a, the output voltage is positive with respect to ground. This is the result of the 
inverting input being made negative with respect to the noninverting input. Reversing the input 
voltage, as in Fig. 2-3b, causes the output to be negative with respect to ground. For this connec- 
tion, the noninverting input is negative when the inverting input is positive. In some applications 
one input may be grounded; the difference voltage is then made with respect to ground. The in- 
puts of Fig. 2-3 are connected in a floating configuration that does not employ a ground. For either 
type of input, the resulting output polarity is always based on the voltage difference. This charac- 


teristic of the input makes the op-amp become an extremely versatile amplifying device. 


+12V +12V 











-12V — -12V Tam 


Fig. 2-3 Inverting DC Amplifiers 


2.3 Differential Amplifiers 


2.3.1 Simple Differential Amplifier 





ob= 2, -v,) 
A simple differential amplifier is shown in R, 


Fig. 2-4. Assuming an ideal op-amp and that R,/ 


R, =R,/R,, the output voltage is a constant times 





the differential input signal, (V, - V,). The gain = 


for the common-mode signal is zero. To minimize Fig. 2-4 Differential Amplifier 
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the effects of bias current, we should choose R, = R, and R, =R}. 

The output impedance of the circuit is zero. The input impedance for the V, source 
is R} + R, 

A current that depends on V, flows back through the feedback network (R, and R,) into the 
input source V,. Thus, as seen by the V, source, the circuit does not appear to be passive. 
Hence, the concept of input impedance does not apply for the V, source (unless V, is zero). 

In some applications, the signal sources contain internal impedances, and the desired signal is 
the difference between the internal source voltages. Then, we could design the circuit by including 
the internal source resistances of V, and V, as part of R, and R,, respectively. However, to obtain 
very high common-mode rejection, it is necessary to match the ratios of the resistances closely. 
This can be troublesome if the source impedances are not small enough to be neglected and are not 


predictable. 
2.3.2 Instrumentation-Quality Differential Amplifier 


An improved differential amplifier circuit for which the common-mode rejection ratio is not 
dependent on the internal resistances of the sources is shown in Fig. 2-5. Because of the summing- 
point constraint at the inputs of A, and A,, the currents drawn from the signal sources are zero. 
Hence, the input impedances seen by both sources are infinite, and the output voltage is unaffect- 
ed by the internal source impedances. '”! This is an important advantage of this circuit compared to 
the simpler differential amplifier of Fig. 2-4. Notice that the second stage of the instrumentation 


amplifier is a unity-gain version of the differential amplifier. 





Fig. 2-5 Instrumentation-Quality Differential Amplifier 


A subtle point concerning this circuit is that the differential-mode signal experiences a higher 
gain in the first stage (A, and A,) than the common-mode signal does. To illustrate this point, 
first consider a pure differential input (i. e. , V, =V,). Then, because the circuit is symmetrical, 
point N remains at zero voltage. Hence, in the analysis for a purely differential input signal, point 


N can be considered to be grounded. In this case, the input amplifiers A, and A, are configured as 
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non-inverting amplifiers having gains of (1 + R,/R,). The differential gain of the second stage 
is unity. Thus, the overall gain for the differential signal is (1 + R,/R,). 

Now, consider a pure common-mode signal (i.e. V, =V,=V.,,)- Because of the summing- 
point constraint, the voltage between the input terminals of A, (or A,) is zero. Thus, the volta- 
ges at the inverting input terminals of A, and A, are both equal to V,,,. Hence, the voltage across 
the series-connected R, resistors is zero, and no current flows through the R, resistors. Therefore , 
no current flows through the R, resistors. Thus, the output voltages of A, and A, are equal to V,,,, 
and we have shown that the first-stage gain is unity for the common-mode signal. On the other 
hand, the differential gain of the first stage is (1 + R,/R,), which can be much larger than unity, 
thereby achieving a reduction of the common-mode signal amplitude relative to the differential sig- 
nal. | Notice that if point N were actually grounded, the gain for the common-mode signal would 
be the same as for the differential signal, namely (1+R,/R,). ] 

In practice, the series combination of the twoR, resistors is implemented by a single resistor 
(equal in value to 2R, ) because it is not necessary to have access to point N. Thus, matching of 
component values for R, is not required. Furthermore, it can be shown that close matching of the 
R, resistors is not required to achieve a higher differential gain than common-mode gain in the first 
stage. Since the first stage reduces the relative amplitude of the common-mode signal, matching of 
the resistors in the second stage is not as critical. 

Thus, although it is more complex, the differential amplifier of Fig. 2-5 has better perform- 
ance than that of Fig. 2-4. Specifically , the common-mode rejection ratio is independent of the in- 
ternal source resistances, the input impedance seen by both sources is infinite, and resistor matc- 


hing is not as critical. | 


2.4 Integrator and Differentiator 


2.4.1 Integrator Circuit 


The diagram of an integrator is shown in feaseieswiich 
Fig. 2-6, which is a circuit that produces an output 
voltage proportional to the running-time integral 
of the input voltage. (By the term running time 
integral, we mean that the upper limit of integra- 


tion is £. ) 





The integrator circuit is often useful in instru- 
mentation applications. For example, consider a Fig. 2-6 Schematic Diagram of an Integrator 
signal from an accelerometer that is proportional to 
acceleration. |"! By integrating the acceleration signal, we obtain a signal proportional to velocity. 
Another integration yields a signal proportional to position. 


In Fig. 2-6, negative feedback occurs through the capacitor. Thus, assuming an ideal op- 
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amp, the voltage at the inverting op-amp input is zero. The input current is given by 


te (2-1) 





The current flowing into the input terminal of the (ideal) op-amp is zero. Therefore, the input 
current i;, flows through the capacitor. We assume that the reset switch is opened at t =0. There- 


fore, the capacitor voltage is zero at t=0. The voltage across the capacitor is given by 
Lra 
Volt) = GJ] in(t)d, (2-2) 


Writing a voltage equation from the output terminal through the capacitor and then to ground 
through the op-amp input terminals, we obtain 

V(t) = -Ve(t) (2-3) 
Using Equation (2-1) to substitute into Equation (2-2) and the result into Equation (2-3), 


we obtain 


ing 


V(t) =- 4 f Vad (2-4) 


Thus, the output voltage is -1/ (RC) times the running integral of the input voltage. If an inte- 
grator having positive gain is desired, we can cascade the integrator with an inverting amplifier. 
The magnitude of the gain can be adjusted by the choice of R and C. 

Of course, in selecting a capacitor, we usually want to use as small a value as possible to 
minimize cost, volume, and mass. However, for a given gain constant (1/ (RC) ), smaller C 
leads to larger R and smaller values of i. Therefore, the bias current of the op-amp becomes 
more significant as the capacitance becomes smaller. As usual, we try to design for the best com- 


promise. 


2.4.2 Differentiator Circuit 


A differentiator circuit that produces an output R 
voltage proportional to the time derivative of the input c 
: eo ee o——_| dy, 
voltage is shown in Fig. 2-7. By an analysis similar to v % =-R- F- 


that used for the integrator, we can show that the cir- 


cuit produces an output voltage given by 


dV,,, 
dt 





V(t) = -RC (2-5) Fig. 2-7 Schematic Diagram of a Differentiator 


2.5 Active Filters 


A few examples of passive filter design had been considered. In this section, we show how to 


design lowpass filters composed of resistors, capacitors, and op-amps. Because of the op-amp, 


[15 


these circuits are said to be active filters. |! In many respects, active filters have improved per- 


formance compared to passive circuits. 
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Active filters have been studied extensively and many useful circuits have been found. Vari- 
ous circuits have been described in the literature that meet these goals to varying degrees. Many 


‘'6] In this section, we 


complete books have been written that deal exclusively with active filters. 
confine our attention to a particular (but practical) means for implementing lowpass filters. 
The magnitude of the Butterworth transfer function is given by 
H, 
kolie =e (2-6) 
V1 + fe) 


in which the integer n is the order of the filter and f, is the 3 dB cut-off frequency. Substituting 
f=0 yields |H (0) =H,| ; thus, H, is the DC gain magnitude. Plots of this transfer function 
are shown in Fig. 2-8. Notice that as the order of the filter increases, the transfer function approa- 


ches that of an ideal lowpass filter. 
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Fig. 2-8 Transfer-Function Magnitudes Versus Frequency for Lowpass Butterworth Filter 


An active lowpass Butterworth filter c 
can be implemented by cascading modified 
Sallen-Key circuits, one of which is shown 
in Fig. 2-9. In this version of the Sallen- 
Key circuit, the resistors labeled R have e- 
qual values. Similarly, the capacitors la- 
beled C have equal values. Useful circuits 
having unequal components are possible, 


but equal components are convenient. 





The Sallen-Key circuit shown in 


Fig. 2-9 is a second-order lowpass filter. To Fig. 2-9 Sallen-Key Lowpass Filter 
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obtain an nth-order filter, n/2 circuits must be cascaded. (We assume that n is even. ) 
The 3 dB cut-off frequency of the overall filter is related to R and C by 
1 
fa = 27RC 


Usually, we wish to design for a given cut-off frequency. We try to select small capacitance val- 


(2-7) 


ues because this leads to small physical size and low cost. However, Equation (2-7) shows that 
as the capacitances become small, the resistance values become larger (for a given cut-off fre- 
quency). If the capacitance is selected too small, the resistance becomes unrealistically large. 
Furthermore , stray wiring capacitance can easily affect a high-impedance circuit. Thus, we select 
a capacitance value that is small, but not too small (say not smaller than 1, 000 pF). 

In selecting the capacitor, we should select a value that is readily available the tolerance re- 
quired. Then, we use Equation (2-7) to compute the resistance. It is helpful to select the capaci- 
tance first and then compute the resistance, because resistors are commonly available in more fine- 
ly spaced values than capacitors. ene Possibly , we cannot find nominal values of R and C that yield 
exactly the desired break frequency; however, it is a rare situation for which the break frequency 
must be controlled to an accuracy less than a few percent. Thus, 1 percent tolerance resistors usu- 
ally result in a break frequency sufficiently close to the value desired. 

Notice in the circuit of Fig. 2-9 that the op-amp and the feedback resistors R; and (K -1) R; 
form a non-inverting amplifier having a gain of K. At DC, the capacitors act as open circuits. 
Then, the resistors labeled R are in series with the input terminals of the non-inverting amplifier 
and have no effect on gain. Thus, the DC gain of the circuit is K. As K is varied from zero to 
three, the transfer function displays more and more peaking (i.e. , the gain magnitude increases 
with frequency and reaches a peak before falling off). For K =3, infinite peaking occurs. It turns 
out that for K greater than three, the circuit is unstable — it oscillates. 

The most critical issue in selection of the feedback resistors R, and ( K -—1) R, is their ratio. If 
desired, a precise ratio can be achieved by including a potentiometer, which is adjusted to yield 
the required DC gain for each section. To minimize the effects of bias current, we should select 
values such that the parallel combination of R, and ( K -1) R; is equal to 2R. However, with FET 
input op-amps, input bias current is often so small that this is not necessary. 

An nth-order Butterworth lowpass filter is obtained by cascading n/2 stages having proper 
values for K. (Here again, we assume that n is even. ) The DC gain H, of the overall filter is the 


product of the K values of the individual stages. 
New Words and Expressions 


. analog electronics ME T . component n. JG} 
. feedback n. Rik 


1 
2 
3. linearity n. REE 
4 
5 





. couple v. #54 





. transistor n. mIRE 


O 00 =~] DBD 


. integrated-circuit ÆRE . silicon n. fE 
. amplifier n. JKA 10. package v. f3% 
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11. gain n. Hoa 25. non-inverting amplifier [F] AAF 
12. capability n. PERE 26. differential adj. HAW, WOH 
13. impedance n. [Ht 27. rejection n. MIH, EW 

14. bandwidth n. "E Di 28. integrator n. FRANA 

15. label v. He brs 29. differentiator n. WANES 

16. resistor n. FPA AE 30. capacitor n. HA Kt 

17. zener diode X AIRE 31. constant n. WZ 

18. heat sink FAZY 32. bias n. WE, ME 

19. terminal n. Rin T 33. passive filter n. FCVRYEVK AN 

20. power supply Œ 34. active filter n. AWEK 

21. schematic n. JEK] 35. implement v. KM 

22. minus n. MF, mF 36. magnitude n. K/h, WA 

23. plus n. MZ, IES 37. cascade v. EK 

24. inverting amplifier JX EJ WK AE 38. cut-off adj. BIERI 

Notes 


[1] The signal is an analog, that is, it is a continuous function of time and can have any 
amplitude. Many electrical instruments, e. g. voltmeters, ammeters, wattmeter and oscilloscopes 
also utilize analog techniques, at least in part. 

fe Sea S, HELE EE RR, A EE. EETA, Ae, 
ER, KKR, DPR RD Ron ir BEBE BOR , BOERS EEH TERMER, 


[2] Feedback is a technique by which gain of the analog system can be exchanged for other 














desirable qualities such as wider bandwidth and linearity. 
Sibi BOR, LL SC RT A BE ak BE BY A) PE PEE, WOE Ty a 
Te BAPE IE 


[3 ] Operational amplifier is one of the important components in analog electronics. The basic 











building blocks for an analog circuit are provided by the operational amplifier. 

TERE EP, BANKER BaF. I BK aE OI E AY SEES 
BaP HEAR 

[4] A number of manufacturers market amplifying systems in integrated-circuit packages. A 











wide range of different ICs are available. Some of these are designed to perform one specific sys- 
tem function. This includes such things as preamplifiers, linear signal amplifiers, and power am- 
plifiers. 

VE Ze il tee BA AS NG ET eT SS TK ARS. AREAS E SE NG HT MEH, 
Hp teii RT — PARMAR SER, EAL a, RE SOK a Al 
DIRK o 


[5] An operational amplifier or op-amp is a high-performance, directly coupled amplifier cir- 





cuit containing several transistor devices. 


IST ik OBIS PA ie PY es PER. EL BOK ait FEL 
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[6] This diagram shows that the op-amp has three basic amplification functions. These func- 
tions are generally called stages of amplification. A stage of amplification contains one or more ac- 
tive devices and all the associated components is needed to achieve amplification. 

UNA STAN WI BO =P SEAS TRIBE, PEI HEI HE BOK ATK, PERRE 
TMA Ui ie EFF EL m BEIT AEH A SAS UE LAST BY PEE 


[7] The output stage of an op-amp has a rather low output impedance and is responsible for 








developing the current needed to drive an external load. Its input impedance must be great enough 
that it does not load down the output of the intermediate amplifier. 

i HAC AY Hin tH R Lc, RE EDAR OT oh FT OE. EAS 
AMHR, ROREAS 28 TER TB CA i AH HB BE 

[8] This particular amplifier is designed to operate with a minimum of external components. 
It contains internal bias regulation circuitry for each amplifier section. Overload protection consists 
of internal current-limiting and thermal shutting down circuits. 

TRE IR ITBOX ai TST HE A BBD EE) CER EB TE. OK a BE PB PB 
BE WN til ERER, ER FA ABS BIR Dd HB AFAR ST E AER o 


[9] An op-amp has at least five terminals or connections in its construction. Two of these 





are for the power supply voltage, two are for differential input, and one is for the output. 

MEERE NAAA mT RR. FE RS Be, AANA E BAN 
m, AAH h i o 

[10] The minus sign indicates inverting input and the plus sign denotes non-inverting input. 
A signal applied to the minus input will be inverted 180° at the output. Standard op-amp symbols 
usually have the inverting input located in the upper-left corner. A signal applied to the plus input 
will not be inverted and remains in phase with the input. 

MERR JLT Had A m, EFRR AA m MEIT SHA i FSR A 
180° RALAN HE PRERA S A I Hi A m AcE At PES Bah A ma A 
AN BOL Aa), ar Sia A a AZ 


[11] In the actual schematic symbol of an op-amp, the terminals are generally numbered and 








the element names are omitted. The manufacturer of the device supplies information sheets that 
identify the pin-out and operating data. 

KRZR ES, S| Rm Pad as MB BE a MT OR hn o AF A hli BT He 
PEAT WA alls | Ae ALT Pe EY fa EEK. 


[12] Because of the summing-point constraint at the inputs of A, and A,, the currents drawn 








from the signal sources are zero. Hence, the input impedances seen by both sources are infinite, 
and the output voltage is unaffected by the internal source impedances. 

PAAR ALR BE A, FILA, WAARA, MAR A fa SUR iit BBE Ae, MAA 
HL Da a LS Hg A BETA CK Hih FEL is AN SSP ARE BEL FS 


[13] Specifically, the common-mode rejection ratio is independent of the internal source re- 





sistances , the input impedance seen by both sources is infinite, and resistor matching is not as crit- 


ical. 
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‘Resale, REAM EARS FARRA HE BEL EL, A iS Wt a at ZS BY dA BEL Sit 2a J 
A), FB A AY DO BC NEI CBE T o 


[14] The integrator circuit is often useful in instrumentation applications. For example, con- 





sider a signal from an accelerometer that is proportional to acceleration. 
Pat aie ts PE BC FF A, FA A ST BE CTE BA ETT A S o 


[15] In this section, we show how to design lowpass filters composed of resistors, capaci- 








tors, and op-amps. Because of the op-amp, these circuits are said to be active filters. 
ASTI SY 2A AY ce UBT FH LBL ae, FLAS As A PE a. FS, Hr 
DACRE AY E ERK A AT DIE A o 


[16] Active filters have been studied extensively and many useful circuits have been found. 





Various circuits have been described in the literature that meet these goals to varying degrees. 
Many complete books have been written that deal exclusively with active filters. 

AERE ZWAR, CARM TV AAS HR CPE T AREFE HE 
DI ERER HW. eT Me SA EKR VE 2 ME BEA BERS 

[17] It is helpful to select the capacitance first and then compute the resistance, because re- 
sistors are commonly available in more finely spaced values than capacitors. 
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Chapter 3 Digital Electronics 


3.1 Introduction 


A circuit that employs a numerical signal in its operation is classified as a digital circuit. 
Computers, pocket calculators, digital instruments, and numerical control (NC) equipment are 
common applications of digital circuits. ''! Practically unlimited quantities of digital information 
can be processed in short periods of time electronically. With operational speed being of prime im- 
portance in electronics today, digital circuits are used more frequently. |”! 

In this chapter, digital circuit applications are discussed. There are many types of digital cir- 
cuits that have applications in electronics, including logic circuits, flip-flop circuits, counting cir- 
cuits, and many others. [3] The first sections of this chapter discuss the number systems that are 
basic to digital circuit understanding. The remainder of the chapter introduces some of the types of 


digital circuits and explains Boolean algebra as it is applied to logic circuits. 


3.2 Digital Number Systems 


The most common number system used today is the decimal system, in which 10 digits are 
used for counting. The number of digits in the system is called its base (or radix). The decimal 
system, therefore, has a base of 10. 

Numbering systems have a place value, which refers to the placement of a digit with respect 
to others in the counting process. The largest digit that can be used in a specific place or location 
is determined by the base of the system. ‘*! In the decimal system the first position to the left of the 
decimal point is called the units place. Any digit from 0 to 9 can be used in this place. When 
number values greater than 9 are used, they must be expressed with two or more places. The next 
position to the left of the units place in a decimal system is the tens place. The number 99 is the 
largest digital value that can be expressed by two places in the decimal system. Each place added 
to the left extends the number system by a power of 10. 

Any number can be expressed as a sum of weighted place values. The decimal number 2583 , 
for example, is expressed as (2 x 1000) + (5 x 100) +(8 x10) +(3 x1). 

The decimal number system is commonly used in our daily lives. Electronically , however, it 
is rather difficult to use. Each digit of a base 10 system would require a specific value associated 


with it, so it would not be practical. 
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3.2.1 Binary Number System 


Electronic digital systems are ordinarily the binary type, which has 2 as its base. Only the 
numbers 0 or 1 are used in the binary system. |! Electronically, the value of 0 can be associated 
with a low-voltage value or no voltage. The number 1 can then be associated with a voltage value 
larger than 0. Binary systems that use these voltage values are said to have positive logic. Nega- 
tive logic, by comparison, has a voltage assigned to 0 and no voltage value assigned to 1. Positive 
logic is used in this chapter. 

The two operational states of a binary system, | and 0, are natural circuit conditions. When 
a circuit is turned off or has no voltage applied, it is in the off, or 0, state. An electrical circuit 
that has voltage applied is in the on, or 1, state. By using transistors or ICs, it is possible to 
change electronically states in less than a microsecond. Electronic devices make it possible to ma- 
nipulate millions of Os and is in a second and thus to process information quickly. L$] 

The basic principles of numbering used in decimal numbers apply in general to binary num- 
bers. The base of the binary system is 2, meaning that only the digits O and 1 are used to express 
place value. The first place to the left of the binary point, or starting point, represents the units, 
or is, location. Places to the left of the binary point are the powers of 2. Some of the place values 
in base 2 are 2° = 1, 2' = 2, 27 = 4, 2? = 8, 2* = 16, 2° = 32, and 2° = 64. 


When bases other than 10 are used, the numbers should have a subscript to identify the base 





used. The number 100, is an example. 

The number 100, (read “one, zero, zero, base 2”) is equivalent to 4 in base 10, or 4,9. 
Starting with the first digit to the left of the binary point, this number has value (0 x2°) + (0x 
2') +(1 x2”). In this method of conversion a binary number to an equivalent decimal number, 
write down the binary number first. Starting at the binary point, indicate the decimal equivalent 
for each binary place location where a 1 is indicated. For each O in the binary number leave a 
blank space or indicate a 0. ‘”) Add the place values and then record the decimal equivalent. 

The conversion of a decimal number to a binary equivalent is achieved by repetitive steps of 
division by the number 2. When the quotient is even with no remainder, a 0 is recorded. When 
the quotient has a remainder, a 1 is recorded. The division process continues until the quotient is 


0. The binary equivalent consists of the remainder values in the order last to first. 
3.2.2 Binary-Coded Decimal Number System 


When large numbers are indicated by binary numbers, they are difficult to use. For this rea- 
son, the Binary-Coded Decimal (BCD) method of counting was devised. In this system four bi- 
nary digits are used to represent each decimal digit. To illustrate this procedure , the number 105, 
is converted to a BCD number. In binary numbers, 105, = 1000101,. 

To apply the BCD conversion process, the base 10 number is first divided into digits accord- 
ing to place values. The number 105,, gives the digits 1-0-5. Converting each digit to binary gives 
0001-0000-0101BCD. Decimal numbers up to 999,, may be displayed by this process with only 12 
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binary numbers. The hyphen between each group of digits is important when displaying BCD 
numbers. 

The largest digit to be displayed by any group of BCD numbers is 9. Six digits of a number- 
coding group are not used at all in this system. Because of this, the octal (base 8) and the hexa- 
decimal (base 16) systems were devised. Digital circuits process numbers in binary form but usu- 


ally display them in BCD, octal, or hexadecimal form. t 


3.2.3 Octal Number System 


The octal (base 8) number system is used to process large numbers by digital circuits. The 
octal system of numbers uses the same basic principles as the decimal and binary systems. 

The octal number system has a base of 8. The largest number used in a base 8 system is 7. 
The place values starting at the left of the octal point are the powers of eight; 8° =1, 8' = 8, 8° = 
64, 8° = 512, 8° = 4096, and so on. 


The process of converting an octal number to a decimal number is the same as that used in the 





binary-to-decimal conversion process. In this method, however, the powers of 8 are used instead 
of the powers of 2. The number for changing 382, to an equivalent decimal is 258 ,,. 

Converting an octal number to an equivalent binary number is similar to the BCD conversion 
process. The octal number is first divided into digits according to place value. Each octal digit is 
then converted into an equivalent binary number using only three digits. 

Converting a decimal number to an octal number is a process of repetitive division by the 
number 8. After the quotient has been determined, the remainder is brought down as the place val- 
ue. When the quotient is even with no remainder, a O is transferred to the place position. The 
number for converting 4098 ,, to base 8 is 10002,. 

Converting a binary number to an octal number is an important conversion process of digital 
circuits. Binary numbers are first processed at a very high speed. An output circuit then accepts 
this signal and converts it to an octal signal displayed on a readout device. 

Assume that the number 110100100, is to be changed to an equivalent octal number. The dig- 
its must first be divided into groups of three, starting at the octal point. Each binary group is then 
converted into an equivalent octal number. These numbers are then combined, while remaining in 


their same respective places, to represent the equivalent octal number. 
3.2.4 Hexadecimal Number System 


The hexadecimal number system is used in digital systems to process large number values. 
The base of this system is 16, which means that the largest number used in a place is 15. Digits 
used by this system are the numbers 0-9 and the letters A-F. The letters A-F are used to denote the 
digits 10-15, respectively. The place values to the left of the hexadecimal point are the powers of 
16: 16°= 1, 16' = 16, 16° = 256, 16° = 4096, 16° = 65536, and so on. 

The process of changing a hexadecimal number to a decimal number is similar to that outlined 


for other conversions. Initially, a hexadecimal number is recorded in proper digital order. The 
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place values, or powers of the base, are then positioned under the respective digits in step 2. In 
step 3, the value of each digit is recorded. The values in steps 2 and 3 are then multiplied together 
and added. The sum gives the decimal equivalent value of a hexadecimal number. 

The process of changing a hexadecimal number to a binary equivalent is a simple grouping 
operation. Initially, the hexadecimal number is separated into digits. Each digit is then converted 
to a binary number using four digits per group. The binary group is combined to form the equiva- 
lent binary number. 

The conversion of a decimal number to a hexadecimal number is achieved by repetitive divi- 
sion, as with other number systems. In this procedure the division is by 16 and remainders can be 
as large as 15. 

Converting a binary number to a hexadecimal equivalent is the reverse of the hexadecimal to 
binary process. Initially, the binary number is divided in groups of four digits, starting at the hex- 
adecimal point. Each number group is then converted to a hexadecimal value and combined to 


form the hexadecimal equivalent number. 


3.3 Binary Logic Circuits 


In digital circuit-design applications binary signals are far superior to those of the octal, deci- 
mal, or hexadecimal systems. Binary signals can be processed very easily through electronic cir- 
cuitry, since they can be represented by two stable states of operation. These states can be easily 
defined as on or off, 1 or 0, up or down, voltage or no voltage, right or left, or any other two- 
condition states. There must be no in-between state. 

The symbols used to define the operational state of a binary system are very important. In 
positive binary logic, the state of voltage, on, true, or a letter designation (such as A) is used to 
denote the operational state 1. No voltage, off, false, and the letter A are commonly used to de- 
note the O condition. A circuit can be set to either state and will remain in that state until it is 
caused to change conditions. 

Any electronic device that can be set in one of two operational states or conditions by an out- 
side signal is said to be bistable. Relays, lamps, switches, transistors, diodes, and ICs may be 
used for this purpose. '°! A bistable device has the capability of storing one binary digit or bit of 
information. By using many of these devices, it is possible to build an electronic circuit that will 
make decisions based upon the applied input signals. The output of this circuit is a decision based 
upon the operational conditions of the input. Since the application of bistable devices in digital cir- 
cuits makes logical decisions, they are commonly called binary logic circuits. 

If we were to draw a circuit diagram for such a system, including all the resistors, diodes, 
transistors, and interconnections, we would face an overwhelming task, and an unnecessary 


aLe Anyone who read the circuit diagram would in their mind group the components into 


one 
standard circuits and think in terms of the “system” functions of the individual gates. For this rea- 


son, we design and draw digital circuit with standard logic symbols. Three basic circuits of this 
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type are used to make simple logic decisions. These are the AND circuit, OR circuit, and the 
NOT circuit. Electronic circuits designed to perform logic functions are called gates. This term re- 
fers to the capability of a circuit to pass or block specific digital signals. The logic gate symbols 
are shown in Fig. 3-1. The small circle at the output of NOT gate indicates the inversion of the 
signal. Mathematically, this action is described as A = B. Thus without the small circle, the trian- 
gle would represent an amplifier (or buffer) with a gain of unity. An AND gate has two or more 
inputs and one output. If all inputs are in the 1 state simultane- A A 
ously, then there will be a 1 at the output. The AND gate in 
Fig. 3-1 produces only a 1 output when A and B are both 1. AND OR 
Mathematically , this action is described as A - B = C. This ex- 
pression shows the multiplication operation. An OR gate has A | B A | B 
also two or more inputs and one output. Like the AND gate, 

NOT Buffer 


each input to the OR gate has two possible states: 1 or 0. The fie 94. Logic Gate Symbols 


output of OR gate in Fig. 3-1 produces a 1 when either or both 
inputs are 1. Mathematically , this action is described as A + B = C. This expression shows OR ad- 
dition. This gate is used to make logic decisions of whether or not a 1 appears at either input. 
An IF-THEN type of sentence is often used to describe the basic operation of a logic state. 
For example, if the inputs applied to an AND gate are all 1, then the output will be 1. Ifa 1 is 
applied to any input of an OR gate, then the output will be 1. If an input is applied to a NOT 
gate , then the output will be the opposite or inverse. The logic gate symbols in Fig. 3-1 show only 
the input and output connections. The actual gates, when wired into a digital circuit, would have pow- 
er supply and grounding connections as well. Fig. 3-2 shows the inner connections of 74LS08, i.e. a 


quadruple , two-input AND gate chip. Notice that the output power is applied between pin 14 and 7. 





Ground 


Fig. 3-2 Quad-AND Chip 


3.4 Combination Logic Gates 


When a NOT gate is combined with an AND gate or an OR gate, it is called a combination 
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logic gate. A NOT-AND gate is called a NAND gate, which is an inverted AND gate. Mathemat- 
ically, the operation of a NAND gate is A - B= C. A combination NOT-OR, or NOR, gate pro- 
duces a negation of the OR function. Mathematically the operation of a NOR gate is A + B = C. A 
1 appears at the output only when A is 0 and B is 0. The logic symbols are shown in Fig. 3-3. The 


bar over C denotes the inversion, or negative function, of the gate. 


A A 
B p; ` £ > ` 
NAND NOR 


Fig. 3-3 The Basic Combination Logic Gate Symbols 


The logic gates discussed here illustrate basic gate operation. In actual digital electronic appli- 
cations, solid-state components are ordinarily used to accomplish gate functions. 

Boolean algebra is a special form of algebra that was designed to show the relationships of 
logic operations. This form of algebra is ideally suited for analysis and design of binary logic sys- 


tems. |"! 


l Through the use of Boolean algebra, it is possible to write mathematical expressions that 
describe specific logic functions. Boolean expressions are more meaningful than complex word 
statements or elaborate truth tables. The laws that apply to Boolean algebra are used to simplify 
complex expressions. Through this type of operation, it may be possible to reduce the number of 
logic gates needed to achieve a specific function before the circuits are designed. A 

In Boolean algebra the variables of an equation are assigned by letters of the alphabet. Each 
variable then exists in states of 1 or O according to its condition. The 1, or true state, is normally 
represented by a single letter such as A, B, or C. The opposite state or condition is then described 
as 0, or false, and is represented by A , or A’. This is described as NOT A, A negated, or A 
complemented. 

Boolean algebra is somewhat different from conventional algebra with respect to mathematical 
operations. The Boolean operations are expressed as follows: 

Multiplication: A AND B, AB, A: B 

OR addition: AOR B, A + B 

Negation, or complementing: NOT A, A , A’ 

Assume that a digital logic circuit has three input variables, A, B, and C. The output circuit 
should operate when only C is on by itself or when A, B, and C are all on expression describes the 
desired output. Eight (2°) different combinations of A, B, and C exist in this expression because 
there are three, inputs. Only two of those combinations should cause a signal that will actuate the 
output. When a variable is not on (0), it is expressed as a negated letter. The original statement 
is expressed as follows: With A, B, and C on or with A off, B off, and C on, an output (X) will 
occur: 

ABC + ABC =X 
A truth table illustrates if this expression is achieved or not. Table 3-1 shows a truth table for 


this equation. First, ABC is determined by multiplying the three inputs together. A | appears only 
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when the A, B, and C inputs are all 1. Next the negated inputs A and B are determined. Then the 
products of inputs C, A, and B are listed. The next column shows the addition of ABC and ABC. 


The output of this equation shows that output 1 is produced only when A BC is 1 or when ABC is 1. 


Table 3-1 Truth Table for Boolean Equation; ABC +A BC =X 
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A logic circuit to accomplish this Boolean expression is 
shown in Fig. 3-4. Initially the equation is analyzed to deter- 
mine its primary operational function. Step 1 shows the original 
equation. The primary function is addition, since it influences 
all parts of the equation in some way. Step 2 shows the primary 
function changed to a logic gate diagram. Step 3 shows the 
branch parts of the equation expressed by logic diagrams, with 
AND gates used to combine terms. Step 4 completes the 
process by connecting all inputs together. The circles at inputs 
A, B of the lower AND gate are used to achieve the negative 
function of these branch parts. 

The general rules for changing a Boolean equation into a 
logic circuit diagram are very similar to those outlined. Initially 


the original equation must be analyzed for its primary mathe- 





Step1 


Step2 


Step3 


Step4 


> a >= o O oG 




















oOo o Oo O O 











& 








ABC 





Fig. 3-4 Logic Circuit to Accomplish 
Boolean Equation ABC +A BC = X 


matical function. This is then changed into a gate diagram that is inputted by branch parts of the 


equation. Each branch operation is then analyzed and expressed in gate form. The process continues 


until all branches are completely expressed in diagram form. Common inputs are then connected to- 


gether. 


3.5 Timing and Storage Elements 


Digital electronics involves a number of items that are not classified as gates. Circuits or devices 


of this type have a unique role to play in the operation of a system. Included in this system are such 


things as timing devices, storage elements, counters, decoders, memory, and registers. Truth ta- 


bles, symbols, operational characteristics, and applications of these items will be presented here. 
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Today, these circuits or devices are built primarily on an IC chip. The internal construction of the 
chip cannot be effectively altered. Operation is controlled by the application of an external signal to 
the input. As a rule, very little work can be done to control operation other than altering the input 
signal. 

The logic circuits in Fig. 3-4 are combinational circuit because the output responds immediately 
to the inputs and there is no memory. When memory is a part of a logic circuit, the system is called 


sequential circuit because its output depends on the input plus its history state. H°? 


3.5.1 Flip-Flops 


Somebistable multivibrators were already discussed previously. This type of device was used to 
generate a square wave. It could also be triggered to change states when an input signal is applied. 
A bistable multivibrator, in the strict sense, is a flip-flop. When it is turned on, it assumes a parti- 
cular operational state. It does not change states until the input is altered. ‘'*’ A flip-flop has two 
outputs. These are generally labeled Q and 0. They are always of an opposite polarity. Two inputs 
are usually needed to alter the state of a flip-flop. A variety of names are used for the inputs. These 
vary a great deal between different flip-flops. 

1. R-S Flip-Flops 

Fig. 3-5 shows logic circuit construction of an R-S flip-flop. It is 





constructed from two NAND gates. The output of each NAND provides 
one of the inputs for the other NAND. R stands for the reset input and 





S represents the set input. 
The truth table and logic symbol are shown in Fig. 3-6. Notice Fig. 3-5 The R-S Flip-Flop 

that the truth table is somewhat more complex than that of a gate. It Logic Construction 

shows, for example, the applied input, previous output, and resulting 

output. To understand the operation of an R-S flip-flop, we must first look at the previous outputs. 

This is the status of the output before a change is applied to the input. The first four items of the pre- 

vious outputs are Q =1 and Q =0. The second four states have Q =0 and Q =1. 











Applied Previous Resulting 
inputs outputs outputs 
S R Q Q Q Q 
Q 0 0 1 0 1/0 0/1 
S 0 1 1 0 1 0 
FF 1 0 1 0 0 1 
Z 1 1 1 0 1 0 
R Q 0 0 0 1 0/1 1/0 
0 1 0 1 1 0 
1 0 0 1 0 1 
1 1 0 1 0 1 

















Fig. 3-6 The R-S Flip-Flop Logic Symbol and Truth Table 


Let us consider that R and S are both 1 but that Q is 0. In this case of the input to NAND, is 0 
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and hence its output, Q, is 1. This is consistent with the assumption that Q is 0, which implies that 
both inputs to NAND, are 1. By symmetry, the logic circuit will also stable with Q =0 and Q=1. 

If now R momentarily becomes 0, the output of NAND, , Q, will rise to 1, resulting in NANDS 
having | at both inputs. This will force Q to 0, and it will keep Q is 1 after R returns to the 1 state. 
Thus Q is RESET by a0 at R. Similarly, the SET (Q =1) can be realized by a 0 at S. 

The outputs Q and Q are unpredictable when the inputs R and S are 0 states. This case is not 
allowed. 

Seldom would individual gates be used to construct a flip-flop, rather than one of the special 
types for the flip-floppackages on a single chip would be used by a designer. H 

A variety of different flip-flops are used in digital electronic systems today. In general, each 
flip-flop type has some unique characteristic to distinguish it from the others. An R-S-T flip-flop , for 
example , is a triggered R-S flip-flop. It will not change states when the R and S inputs assume a val- 


ue until a trigger pulse is applied. This would permit a large number of flip-flops to change states all 














at the same time. Fig. 3-7 shows the logic circuit S 

& — 
construction. The truth table and logic symbol are & Q 
shown in Fig. 3-8. The R and S input are thus active T 














when the signal at the gate input ( T) is 1. Normally, = 
g gate input (T) y a] & g 


such timing, or synchronizing, signals are distributed R— 
throughout a digital system by clock pulses, as shown Fig. 3-7 The R-S-T Flip-Flop Logic Construction 
in Fig. 3-9. The symmetrical clock signal provides two 

times each period. The circuit can be designed to trigger at the leading or trailing edge of the clock. 


The logic symbols for edge trigger flip-flops are shown in Fig. 3-10. 











Applied Previous Resulting 
inputs outputs outputs 

s R T Q Q Q Q 
Q 0 0 0 1 0 1/0 0/1 

FF 0 1 1 1 0 1 0 

0 1 0 0 1 0 0 1 

R 1 1 1 1 0 1 0 
0 0 0 0 1 0/1 1/0 

0 1 1 0 1 1 0 

1 0 0 0 1 0 1 

1 1 1 0 1 0 1 




















Fig. 3-8 The R-S-T Flip-Flop Logic Symbol and Truth Table 
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Fig. 3-9 The Clock Signal 
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S Q S Q 
CK 5 FF E CK oX FF 

R 2 R Q 
a) b) 


Fig. 3-10 Logic Symbols for Edge Triggered Flip-Flops 
a) Leading Edge Triggering b) Trailing Edge Triggering 


2. J-K Flip-Flops 

Another very important flip-flop has J-T-K inputs. A J-K flip-flop of this type does not have an 
unpredictable output state. The J and K inputs have set and clear input capabilities. These inputs 
must be present for a short time before the clock or trigger input pulse arrives at T. In addition to 
this, J-K flip-flops may employ preset and preclear functions. This is used to establish sequential 


timing operations. Fig. 3-11 shows the logic symbol and truth table of a J-K flip-flop. 











Applied Previous Resulting 
inputs outputs outputs 

3 J K T Q Q Q Q 

FF 0 0 0 0 1 0 1 
2: 0 1 1 0 1 0 1 
K Q 1 0 0 0 1 1 0 
1 1 1 0 1 1 0 
0 0 0 1 0 1 0 
Toggle state? o l : : 0 y l 
1 0 0 1 0 1 0 
1 1 1 1 0 0 1 




















Fig. 3-11 The J-T-K Flip-Flop Logic Symbol and Truth Table 


3.5.2 Counters 


A flip-flop has a memory. Eachflip-flop can store one binary digit or bit of data. Several flip- 
flops connected form a counter. Counting is a fundamental digital electronic function. 

For an electronic circuit to count, a number of things must be achieved. Basically, the circuit 
must be supplied with some form of data or information that is suitable for processing. Typically, 
electrical pulses that turn on and off are applied to the input of a counter. ‘'®! These pulses must ini- 
tiate a state change in the circuit when they are received. The circuit must also be able to recognize 
where it is in counting sequence at any particular time. This requires some form of memory. The 
counter must also be able to respond to the next number in the sequence. In digital electronic sys- 
tems flip-flops are primarily used to achieve counting. This type of device is capable of changing 
states when a pulse is applied, has memory, and will generate an output pulse. 

There are several types of counters used in digital circuitry today. Probably the most common of 
these is the binary counter. This particular counter is designed to process two-state or binary infor- 


mation. J-K flip-flops are commonly used in binary counters. ‘'”! 
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Refer now to the single J-K flip-flopof Fig. 3-11. In its toggle state, this flip-flop is capable of 
achieving counting. First, assume that the flip-flop is in its reset state. This would cause Q to be 0 
and Q to be 1. Normally, we are concerned only with Q output in counting operations. The flip-flop 
is now connected for operation in the toggle mode. J and K must both be made high or in the 1 state. 
When a pulse is applied to the T, or clock, input, Q changes to 1. This means that with one pulse 
applied, a 1 is generated in the output. The flip-flop has, therefore, counted one time. When the 
next pulse arrives, Q resets, or changes to 0. Essentially, this means that two input pulses produce 
only one output pulse. This is a divide-by-two function. For binary numbers, counting is achieved 
by a number of divide-by-two flip-flops. 

To count more than one pulse, additional flip-flops must be employed. For each flip-flop added 
to the counter, its capacity is increased by the power of 2. With one flip-flop the maximum count 
was 2°, or 1. For two flip-flops it would count two places, such as 2° and 2'. This would reach a 
count of 3 or a binary number of 11. The count would be 00, 01, 10, and 11. The counter would 
then clear and return to 00. In effect, this counts four state changes. Three flip-flops would count 
three places, or 2°, 2', and 2°. This would permit a total count of eight state changes. The binary 
values are 000, 001, 010, 011, 100, 101, 110, and 111. The maximum count is seven, or 111. 
Four flip-flops would count four places, or 2°, 2', 2°, and 2°. The total count would make 16 state 
changes. The maximum count would be 15, or the binary number 1111. Each additional flip-flop 


would cause this to increase one binary place. 


New Words and Expressions 


1. digital electronics HAF 17. bistable adj. SHAH 

2. numerical adj. ZUBK 18. relay n. 4k fF 

3. filp-flop n. LRH 19. capacity n. PERE 

4. decimal n. itt iil] 20. buffer n. Zeist 

5. radix n. JẸ 21. simultaneously adv. [rly Hh 
6. with respect to #HXtF 22. algebra n. {UR 

7. power n. ¥F 23. truth table HUA 

8. weighted n. X 24. variable n “Sar 

9. binary n. Zait 25. alphabet n. “EERE 

10. manipulate v. ARE, PRA, PEt 26. complement n. 4M5 

11. subscript n. FER, HIER 27. multivibrator n. WIRY at 
12. remainder n. RÆ 28. trigger v. MES 

13. quotient n. W 29. symmetrical adj. Xt#KEY 
14. octal n. AGH 30. leading edge EFE 

15. hexadecimal n. —-7\ iil 31. trailing (lagging) edge FK% 
16. circuitry n. HUES 32. counter n. FFC 

Notes 


[1] A circuit that employs a numerical signal in its operation is classified as a digital circuit. 


Chapter 3 Digital Electronics 37 


Computers, pocket calculators, digital instruments, and numerical control (NC) equipment are 
common applications of digital circuits. 

KAEA LF Paes SE AY HT A RS TL MEEA, BM 
Bit DA BPE TSC TE ASD FB HB 


[2] With operational speed being of prime importance in electronics today, digital circuits 








are used more frequently. 
WM, TERA, SR RAPER, KR Da hs A, 


[3] There are many types of digital circuits that have applications in electronics, including 








logic circuits, flip-flop circuits, counting circuits, and many others. 

AVE ZR AY FRR AEP, CAREER, AH | EE PRL YE 
ZRAKE, 

[4] Numbering systems have a place value, which refers to the placement of a digit with re- 
spect to others in the counting process. The largest digit that can be used in a specific place or lo- 
cation is determined by the base of the system. 

Sits BSA, EET BO BE PAT SE AAEM — 
Re eS R kA BG MF OE IK ABR BE A BE HE AY o 

[5] Electronic digital systems are ordinarily the binary type, which has 2 as its base. Only 
the numbers 0 or | are used in the binary system. 

HPS RS Ts Ne AR, ARS 2 WAR, HEUER ASP READ 1 Al 
0 BYTE. 


[6] By using transistors or ICs, it is possible to change electronically states in less than a mi- 





crosecond. Electronic devices make it possible to manipulate millions of Os and is in a second and 
thus to process information quickly. 

HE EF i AA AS HES, CE ANS) pas KITE PA ait AT i A FE A 1 RAS. Hoe 
[EIIE 1s LAPEER A A HY O AURE th Ach BEE YT FE, 


[7] Starting at the binary point, indicate the decimal equivalent for each binary place loca- 











tion where a 1 is indicated. For each 0 in the binary number leave a blank space or indicate a 0. 
SKE till AD UTP a, MERN 1, eh fie ll fa a A Had hl] Sic 
1E. SE CP BETS 0 PR PA 28 28 TE AN 0, 


[8] Digital circuits process numbers in binary form but usually display them in BCD, octal, 








or hexadecimal form. 
BF HEL LA ad I Rh PS, (EAL BCD, JUE ae PN HEI AeA 0 


[9] Any electronic device that can be set in one of two operational states or conditions by an 





outside signal is said to be bistable. Relays, lamps, switches, transistors, diodes, and ICs may be 
used for this purpose. 

EITE T Ah fi SBT A ee FE IS RAS RARE A, OED TY 
WAS, APD AAR Ha AT. FR, mE, ARERR RE RK FY 


[10] If we were to draw a circuit diagram for such a system, including all the resistors, di- 




















odes, transistors, and interconnections, we would face an overwhelming task, and an unnecessary 
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one. 














US Fr FE, Pd al FEB A EEL ie, A a AEE RN BA EE, BORE AE 
MEKK, the ABE THE 


[11] Boolean algebra is a special form of algebra that was designed to show the relationships 





of logic operations. This form of algebra is ideally suited for analysis and design of binary logic 
systems. 

AB RARER — EATER, BOTT HR Ae EIS FT AR, RM CRO she 
FEMI A a) TA aE He AE 

[12] The laws that apply to Boolean algebra are used to simplify complex expressions. 
Through this type of operation, it may be possible to reduce the number of logic gates needed to a- 
chieve a specific function before the circuits are designed. 

AB ARTCC MI A A H F He AR TAS, HS HS, A A at ENR RE 
BG Jr ris AY] SC o 


[13] When memory is a part of a logic circuit, the system is called sequential circuit because 








its output depends on the input plus its history state. 

AFR a Ee FE HE ERA — ABA, AAR SCRA I EE, F BRAA Sig A 
URE HT ERE 

[14] A bistable multivibrator , in the strict sense, is a flip-flop. When it is turned on, it as- 
sumes a particular operational state. It does not change states until the input is altered. 

AR, LEIRA a fh AC BCE FP SEE eb FRE TERS, KARASA 
AW HB AAS BU 


[15] Seldom would individual gates be used to construct a flip-flop, rather than one of the 








special types for the flip-flop packages on a single chip would be used by a designer. 
KIFAA ENSEN BT TRAER, TTT 2 ESBS ES rE BE 
KA AY fit Be a o 


[16] For an electronic circuit to count, a number of things must be achieved. Basically, the 





circuit must be supplied with some form of data or information that is suitable for processing. Typ- 
ically , electrical pulses that turn on and off are applied to the input of a counter. 

FAP TPA Ha PRA Ee EM SB, SEAS, LS HE eRe HS BPE ch a Feb 
SHAG CE WA, FPS ASST AS E ok ee FAA Ai 


[17] There are several types of counters used in digital circuitry today. Probably the most 








common of these is the binary counter. This particular counter is designed to process two-state or 
binary information. J-K flip-flops are commonly used in binary counters. 

WS, ALARA AST aie FP, IF, eA i aE aT X 
BRP IR AY TB BST FR Ach BE AS EE. J-K fh Cai i BS LS ak Ha o 





Chapter 4 Power Electronics Technology 


4.1 Introduction 


Power electronics is an enabling technology, providing the needed interface between the elec- 
trical source and the electrical load, as depicted in Fig. 4-1. The electrical source and the electrical 
load can, and often do, differ in frequency , voltage amplitudes and the number of phases. ''! The 
power electronics interface facilitates the transfer of power from the source to the load by conver- 
ting voltages and currents from one form to another, in which it is possible for the source and load 
to reverse roles. °! The controller shown in Fig. 4-1 allows management of the power transfer 
process in which the conversion of voltages and currents should be achieved with as high energy- 
efficiency and high power density as possible. Adjustable-speed electrical drives represent an im- 


portant application of power electronics. 


Power electronics 
interface 


| Controller | 


Lo 





Fig. 4-1 Power Electronics Interface between the Source and the Load 


4.2 Applications and the Roles of Power Electronics 


Power electronics and drives encompass a wide array of applications. A few important appli- 


cations and their roles are described below. 
4.2.1 Powering the Information Technology 


Most of the electronic equipments such as personal computers (PCs) and entertainment sys- 
tems supplied from the utility mains internally need very low DC voltages. They, therefore, re- 
quire power converters working in the form of switch-mode for converting the input line voltage 
into a regulated low DC voltage. a Fig. 4-2 shows the distributed architecture typically used in 
computers in which the incoming AC voltage from the utility is converted into DC voltage, for ex- 


ample, at 24 V. This semi-regulated voltage is distributed within the computer where on-board 
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power supplies in logic-level printed circuit AV (DC) 








5V (DC) 
boards convert this 24 V DC input voltage to a 


lower voltage, for example 5 V DC, which is 
3.3V (DC 
very tightly regulated. Very large scale integra- Fn 
tion and higher logic circuitry speed require oper- 


ating voltages much lower than 5V, hence 3.3 A A | | 0.5V (DC) 


V, 1 V, and eventually, 0.5 V levels would be 
needed. Fig. 4-2 Regulated Low-Voltage DC Power Supplies 


Many devices such as cell phones operate from low battery voltages with one or two battery 
cells as inputs. However, the electronic circuitry within them requires higher voltage, so a circuit 


is needed to boost the input DC to a higher DC voltage as shown in the block diagram of Fig. 4-3. 


Battery 9V DC 
Cell(1.5V) 


Fig. 4-3 Boost DC-DC Converter Needed in Cell Equipment 


4.2.2 Robotics and Flexible Production 


Robotics and flexible production are now essential to industrial competitiveness in a global 
economy. These applications require adjustable speed drives for precise speed and position con- 


i Fig. 4-4 shows the block diagram of adjustable speed drives in which the AC input from a 


tro 
1-phase or a 3-phase utility source is at the line frequency of 50 Hz or 60 Hz. The role of the pow- 
er electronics interface, as a power-processing unit, is to provide the required voltage to the mo- 
tor. °! In the case of a DC motor, DC voltage of adjustable magnitude is supplied to control the 
speed of the motor. In the case of an AC motor, the power electronics interface provides sinusoid- 
al AC voltages with adjustable amplitude and frequency to control the speed of the motor. l6] Tp 
certain cases, the power electronics interface may be required to allow bi-directional power flow 


through it, between the utility and the motor-load. 


Electric drive 






Power 
processing 


unit 
Input command 


(speed/position) 


Fig. 4-4 Block Diagram of Adjustable Speed Drives 
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Sensors 
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Induction heating and electrical welding, shown in the block diagrams of the Fig. 4-5 and 


Fig. 4-6 are other important industrial applications of power electronics for flexible production. 


Power 
electronics High frequency AC 
interface 


Utility 
Fig. 4-5 Power Electronics Interface Required for Electric Heating 


Power 
electronics DC 
interface 


Utility 








Fig. 4-6 Power Electronics Interface Required for Electrical Welding 


4.2.3 Energy and the Environment 


There is a growing body of evidence that burning of fossil fuels causes global warming that 
may lead to disastrous environmental consequences. Power electronics and drives can play a cruci- 
al role in minimizing the use of fossil fuels, as briefly discussed below. 
4.2.3.1 Energy Conservation 

It’s an old adage; a penny saved is a penny earned. Not only energy conservation leads to fi- 
nancial savings, it helps the environment. The potentials for energy conservation in some applica- 
tions are discussed below. 

1. Electric-Motor Driven Systems 

Electric motors, including their applications in Heating, Ventilating and Air Conditioning 
(HVAC), are responsible for consuming one-half to two-thirds of all the electricity generated. 
Traditionally, motor-driven systems run at a nearly constant speed and their output, for example, 
flow rate in a pump, is controlled by wasting a portion of the input energy across a throttling 
valve. |"! This waste may be eliminated by efficiently controlling the speed of the pump motor u- 


sing an adjustable-speed electrical drive, as shown in Fig. 4-7. 


Outlet 


Adjustable 


speed 
drive 





Utility Inlet 


Fig. 4-7 Role of Adjustable Speed Drives in Pump-Driven System 


One out of three new homes now uses electrical heat pump, in which adjustable-speed drive 
can reduce energy consumption by as much as 30 percent by eliminating on-off cycling of the 
compressor and running the heat pump at a speed that matches the thermal load of the building. 
The same is true for air conditioners. 


A Department of Energy report estimates that electricity annually saved is equivalent to the 
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annual electricity usage of the entire state of New York by operating all these motor-driven systems 
more efficiently in the United States. 

2. Lighting 

As shown ina pie chart for percentage use of electricity in various sectors in the U. S. , ap- 
proximately one-fifth of electricity produced is used for lighting. Fluorescent lights are more effi- 
cient than incandescent lights by a factor of three to four. The efficiency of fluorescent lights can 
be further improved by using high-frequency power electronic ballasts that supply 30 kHz to 40 
kHz to the light bulb, further increasing the efficiency by approximately 15 percent. Compared to 
incandescent light bulbs, high-frequency Compact Fluorescent Lamps (CFLs) improve efficiency 
by a factor of four, last much longer (several thousand hours more) , and their relative cost, al- 
though high at present, is dropping. '*! 

3. Transportation 

Electric drives offer huge potential for energy conservation in transportation. With the pro- 
gress in battery and fuel cell technologies being reported continually for Electrical Vehicles 
(EVs), Hybrid Electrical Vehicles (HEVs) are sure to make a huge impact. According to the 
U. S. Environmental Protection Agency, the estimated gas mileage of the Hybrid Electrical Vehi- 
cle in combined city and highway driving is 48 miles per gallon. This is in comparison to the gas 
mileage of 22. 1 miles per gallon for an average passenger car in the U. S. in year 2001. Since au- 
tomobiles are estimated to account for about 20% emission of all CO, that is a greenhouse gas, 
doubling the gas mileage of automobiles would have an enormous positive impact. 

EVs and HEVs, of course, need power electronicsworking in the form of adjustable-speed 
electric drives. Even in conventional automobiles, power electronic based load has grown to the 
extent that it is difficult to supply it from a 12/14 V battery system and there are serious proposals 
to raise it to 36/42 V level in order to keep the copper bus bars needed to carry currents to a man- 
ageable size. Add to automobiles other transportation systems, such as light rail, fly-by-wire 
planes, all-electrical ships and drive-by-wire automobiles, represent a major application area of 
power electronics. '”! 
4.2.3.2 Renewable Energy 

Clean and renewable energy can be derived from the sun and the wind. In photovoltaic sys- 
tems, solar cells produce DC, and a power electronics interface is required to transfer the power to 
the utility system, as shown in Fig. 4-8. H° 

Wind is the fastest growing energy resource with enormous potential. Fig. 4-9 shows the need 
of power electronics in wind-electrical systems as the interface between the variable-frequency AC 


and the line-frequency AC of the utility grid. 





Power —> Generator 
DC Input electronics Wind —» and 
interface — power electronics 
Utility -> Utility 


Fig. 4-8 Photovoltaic System Fig. 4-9 Wind-Electric System 
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4.2.4 Utility Applications of Power Electronics 


Applications of power electronics and electrical drives in power systems are growing rapid- 
ly. In distributed generation, power electronics is needed to interface non-conventional energy 
sources such as wind, photovoltaic, and fuel cells to the utility grid. Use of power electronics al- 
lows control the flow of power on transmission lines. It is especially significant in a deregulated 
utility environment. Also, the security and the efficiency of power systems operation increase the 
use of power electronics in utility applications. 

Uninterruptible Power Supplies (UPSs) are used for critical loads that must not be interrupted 


OL The power electronics interface for UPS has line-frequency voltages at 


during power outage. 
both ends, although the number of phases may be different, and a means for energy storage is pro- 


vided usually by batteries, which supply power to the load during the utility outage. 
4.2.5 Strategic Space and Defense Applications 


Power electronics is essential for space exploration and interplanetary travel. Defense has al- 
ways been an important application. Power electronics will play a huge role in tanks, ships, and 
planes in which the replacement of hydraulic drives by electrical drives can offer significant cost, 


weight and reliability advantages. 


4.3 Structure of Power Electronics Interface 


By reviewing the role of power electronics in various applications discussed earlier, we can 
summarize that power electronics interface is needed to efficiently control the transfer of power be- 
tween DC-DC, DC-AC, and AC-AC systems. In general, the power is supplied by the utility and 
hence, as depicted by the block diagram of Fig. 4-10, the line-frequency AC is at one end. At the 
other end, one of the following is synthesized; adjustable magnitude DC, sinusoidal AC of adjust- 
able frequency and amplitude, or high frequency AC as in the case of CFLs and induction heating. 
Applications that do not require utility interconnection can be considered as the subset of the block 


diagram shown in Fig. 4-10. 


Power 
electronics Output to load 
interface -Adjustable DC 


-Sinusoidal AC 
-High-frequency AC 


Fig. 4-10 Block Diagram of Power Electronics Interface 


4.3.1 Voltage-Link Structure 


To provide the needed functionality to the interface in Fig. 4-10, the transistors and diodes, 


which can only block voltage of one polarity, have led to a commonly used voltage-link structure 
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shown in Fig. 4-11. 






Utility 


Controller 


Fig. 4-11 Voltage-Link Structure of Power Electronics Interface 


This structure is composed of two separate converters, one on the utility side and the other on 
the load side. The DC ports of these two converters are connected to each other with a parallel ca- 
pacitor forming a DC-link, across which the voltage polarity does not reverse, thus allowing uni- 
polar voltage-blocking transistors to be used within these converters. 

In the structure of Fig. 4-11, the capacitor in parallel with the two converters forms a DC 
voltage-link, hence this structure is called a voltage-link (or a voltage-source) structure. This 
structure is used in a very large power range, from a few tens of watts to several megawatts, even 
extending to hundreds of megawatts in utility applications. Therefore, we will mainly focus on this 


voltage-link structure in this book. 
4.3.2 Current-Link Structure 


At extremely high power levels, usually in utility-related applications, it may be advanta- 
geous to use a current-link (also called current-source) structure, where as shown in Fig. 4-12, an 
inductor in series between the two converters acts as a current-link. These converters generally 
consist of thyristors and the current in them is “commutated” from one AC phase to another by 


means of the AC line voltages. 





Fig. 4-12 Current-Link Structure of Power Electronics Interface 


4.3.3 Matrix Converters ( Direct-Link Structure ) 


Lately in certain applications, a matrix converter structure is being reevaluated , where theoreti- 


cally there is no energy storage element between the input and the output sides. Therefore, we can 
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consider it to be a direct-link structure where input ports are connected to output ports by switches 


that can carry currents in both directions when on, and block voltages of either polarity when off. 
4.4 Voltage-Link Structure Applications 


In the voltage-link structure, the role of the utility-side converter is to convert line-frequency 
utility voltages to an unregulated DC voltage. This can be done by a diode-rectifier circuit like that 


‘?] At present, we will focus our attention on the load-side 


discussed in basic electronics courses. 
converter in the voltage-link structure, where a DC voltage is applied as the input on one end, as 
shown in Fig. 4-11. 

Applications dictate the functionality needed of the load-side converter. Based on the desired 
output of the converter, we can group these functionalities as follows: 

Group 1 Adjustable DC or a low-frequency sinusoidal AC output in 

- DC and AC motor drives; 

— Uninterruptible power supplies; 

- Regulated DC power supplies without electrical isolation ; 

- Utility - related applications. 

Group 2 High-frequency AC in 

- Compact fluorescent lamps; 

— Induction heating; 

- Regulated DC power supplies where the DC output voltage needs to be electri- 
cally isolated from the input, and the load-side convener internally produces 
high-frequency AC, which is passed through a high-frequency transformer 
and then rectified into DC. 

We will discuss converters used in applications belonging to both groups. However, we will 
begin with converters for Group 1 applications where the load-side voltages are DC or low-fre- 


quency AC. 
4.4.1 Switch-Mode Conversion: Switching Power-Pole as the Building Block 


Achieving high energy-efficiency for applications belonging to either group mentioned above 
requires switch-mode conversion, where in contrast to linear power electronics, transistors ( and 
diodes) are operated as switches, either on or off. 

This switch-mode conversion can be explained by its basic building block, a switching power- 
pole A, as shown in Fig. 4-13a. It effectively consists of a bi-positional switch, which forms a 
two-port: a voltage-port across a capacitor with a voltage V, that cannot change instantaneously , 
and a current-port due the series inductor through which the current cannot change instantaneously. 
For now, we will assume the switch ideal with two positions: up or down, dictated by a switching 
signal q, which takes on two values; 1 and 0, respectively. 


The bi-positional switch “chops” the input DC voltage V,,, into a train of high-frequency 


in? 
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voltage pulses, shown by V, waveform in Fig. 4-13b, by switching up or down at a high repetition 
rate , called the switching frequency f,. Controlling the pulse width within a switching cycle allows 
control over the switching-cycle-averaged value of the pulsed output, and this pulse-width modula- 
tion forms the basis of synthesizing adjustable DC and low-frequency sinusoidal AC outputs, as 
described in the next section. High-frequency pulses are clearly needed in applications such as 
compact fluorescent lamps, induction heating, and DC power supplies where electrical isolation is 


[13 


achieved by means of a high-frequency transformer. |") A switch-mode converter consists of one or 


more such switching power-poles. 


a) a b) 1 


Fig. 4-13 Switching Power-Pole as the Building Block in Converters 


4.4.2 Pulse Width Modulation (PWM) of the Switching Power-Pole (constant f. ) 


For the applications in Group 1, the objective ds 
of the switching power-pole drawn in Fig. 4-13a is Momo. 





to synthesize the output voltage such that its switc- o 7 
Tap 
hing-cycle-average is of the desired value: DC or F 
S 
AC that varies sinusoidally at a low-frequency , 
KA 

compared to f. Switching at a constant switching- Vin 
frequency f, produces a train of voltage pulses in A 

i : Beaten po o T 
Fig. 4-14 that repeat with a constant switching time- ‘ 
period T,, equal to 1/f.. Fig. 4-14 PWM of the switching power-pole 


Within each switching cycle with the time-period T, ( = 1/f,) in Fig. 4-14, the switching- 
cycle-averaged value v, of the waveform is controlled by the pulse width 7,, (during which the 
switch is in the up position and v, equals V;,) , as a ratio of T,: 

T 
= i 


va =V, O<d, <1 (4-1) 


Where d, =T,,/T,, which is the average of the q, waveform as shown in Fig. 4-14, is defined as 
the duty-ratio of the switching power-pole A, and the switching-cycle-averaged voltage is indica- 
ted by a “ —” on top. The switching-cycle-averaged voltage and the switch duty-ratio are ex- 
pressed by lowercase letters since they may vary as functions of time. The control over the switc- 
hing-cycle-averaged value of the output voltage is achieved by adjusting or modulating the pulse 


width, which later on will be referred to as Pulse-Width-Modulation (PWM). |" 


4.4.3 Switching Power-Pole in a Buck DC-DC Converter 


As an example, we will consider the switching power-pole in a Buck convener to step-down 
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the input DC voltage V;,,, as shown in Fig. 4-15a, where a capacitor is placed in parallel with the 
load, to form a low-pass L-C filter with the inductor, to provide a smooth voltage to the load. 
In steady state, the DC (average) input to this L-C filter has no attenuation, hence the aver- 
age output voltage V, equals the switching-cycle-average , V, , of the applied input voltage. Based 
on Eq. 4-1, by controlling d, , the output voltage can be controlled in a range from V, down to 0: 
V, =V, =d, Va (OSV, SV,,) (4-2) 
In spite of the pulsating nature of the instantaneous output voltage V, (t), the series induct- 
ance at the current-port of the pole ensures that the current i, (t) remains relatively smooth, as 
shown in Fig. 4-15b. 














a) b) f 
Fig. 4-15 Switching Power-Pole in a Buck Converter 


4.5 Recent and Potential Advancements 


Given the need in a plethora of applications, the rapid growth of this field is fueled by revolu- 
tionary advances in semiconductor fabrication technology. The power electronics interface of 
Fig. 4-1 consists of solid-state devices, which operate as switches, changing from on to off and 
vice versa at a high switching frequency. There has been a steady improvement in the voltage and 
current handling capabilities of solid-state devices such as diodes and transistors, and their switc- 
hing speeds (from on to off, and vice versa) have increased dramatically, with some devices 


L15] Devices that can handle voltages in kVs and currents in kAs are now 


switching in tens of ns. 
available. Moreover, the costs of these devices are in a steady decline. 
These semiconductor switches are integrated in a single package with all the circuitry needed 


to make them switch, and to provide the necessary protection. [$1 A; progressive integration, as 
defined by the concept of Power Electronics Building Block (PEBB) below has numerous benefits 


such as technology insertion and upgrade via standard interfaces, reduced maintenance via plug 
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and play modules, reduced cost via increased product development efficiency, reduced time to 
market, reduced commissioning cost, reduced design and development risk, and increased compe- 
tition in critical technologies. PEBB is a broad concept that incorporates the progressive integration 
of power devices, gate drives, and other components into building blocks, with clearly defined 
functionality that provides interface capabilities to serve multiple applications. This building block 
approach results in reduced cost, losses, weight, size, and engineering effort for the application 
and maintenance of power electronics systems. Based on the functional specifications of PEBB and the 
performance requirements of the intended applications, the PEBB designer addresses the details of de- 
vice stresses, stray inductances, switching speed, losses, thermal management, protection, measure- 
ments of required variables, control interfaces, and potential integration issues at all levels. |” 

Power electronics has benefited from advances in the semiconductor fabrication technology in 
another important way. The availability of Application Specific Integrated Circuits ( ASICs) , Dig- 
ital Signal Processors (DSPs) , micro-controllers, and Field Programmable Gate Arrays (FPGAs) 
at very low costs makes the controller function in the block diagram of Fig. 4-1 easy and inexpen- 
sive to implement, while greatly increasing functionality. 

Significant areas for potential advancements in power electronic systems are in integrated and 
intelligent power modules, packaging, SIC-based solid-state devices, improved high energy densi- 


ty capacitors, and improved topologies and control. es 


New Words and Expressions 








1. power n HA, DK 20. photovoltaic adj. JéHLAY 
2. amplitude n. WE 21. depict v. fii 

3. converter n. FEMIN 22. subset n. TARA 

4. adjustable-speed WIE 23. matrix n. JEE 

5. encompass v. GR, HHA 24. dictate v. Me, KE 
6. flexible adj. FHK 25. isolation n. aes 

7. magnitude n. {A 26. power supply Œ 

8. sinusoidal adj. IE 5% 27. transformer n. ZEH 
9. utility n. uty Fa nk 28. cycle n. Jali 

10. welding n. KPŽ 29. constant n. W% 

11. ventilate v. {#38 XL 30. modulate v. Jah 

12. pump n. FR 31. filter n. ËH 

13. throttle n. “il 32. inductor n. FAAS 

14. compressor n. JE4ABL 33. attenuation n. EW 

15. thermal adj. $AH 34. plethora n. WA, WH 
16. fluorescent adj. KIEJ 35. maintenance n. WH, (RFE 
17. incandescent adj. HAY 36. module n. Ptk 

18. mileage n. EJE 37. loss n. $E 

19. renewable adj. PIIRE H 38. topology n. ith 


Chapter 4 Power Electronics Technology 49 


Notes 


[1] The electrical source and the electrical load can, and often do, differ in frequency , volt- 
age amplitudes and the number of phases. 

FLD AN te 2G A IEA AS ES EL Ee RT AS I] 

[2] The power electronics interface facilitates the transfer of power from the source to the 
load by converting voltages and currents from one form to another, in which it is possible for the 
source and load to reverse roles. 

EJ HE Bee Bde Ty BE DR ht ET, EE EE, A Dat WA A SR A 
HREN, MAER R CY REAA H]AA E 


[3] Most of the electronic equipments such as personal computers (PCs) and entertainment 








systems supplied from the utility mains internally need very low DC voltages. They, therefore, re- 
quire power converters working in the form of switch-mode for converting the input line voltage 
into a regulated low DC voltage. 

KADETA, Ah FL FREE TS TRL RR RSE, AB ie Be AIRY A 
HUE, AU, EAN BOR TSS E i MEER ASK, EAA A E A EL EER KA a] Dd ARE 
AMEE, 


[4] Robotics and flexible production are now essential to industrial competitiveness in a 














global economy. These applications require adjustable speed drives for precise speed and position 
control. 

TERRA M, DA EMRE a OEP Tall SE POR BLES FY ZY, HE NI ER 
Ded IK HH FAE BS RE a i, 


[5] The role of the power electronics interface, as a power-processing unit, is to provide the 








required voltage to the motor. 
ENDREH, FLT E TRR H HEHE e E SL VE i A) o 


[6] In the case of a DC motor, DC voltage of adjustable magnitude is supplied to control the 





speed of the motor. In the case of an ac motor, the power electronics interface provides sinusoidal 
ac voltages with adjustable amplitude and frequency to control the speed of the motor. 

PEL ZIOLT a, ESET UA AY ELH, MTS Hi LAP, ACTH SL 
mA, EJET O pett PE AAV Ra TASEA, AERE SL AP 


[7 ] Traditionally, motor-driven systems run at a nearly constant speed and their output, for 





























example, flow rate in a pump, is controlled by wasting a portion of the input energy across a 
throttling valve. 

IR ENLI RA TEIL TEE ERREF CMAR, UKR i a 
iil, EMAER E Yat RA AY ES BLY 


[8 ] Compared to incandescent light bulbs, high-frequency compact fluorescent lamps 











(CFLs) improve efficiency by a factor of four, last much longer (several thousand hours more) , 


and their relative cost, although high at present, is dropping. 


Toy SN ee RAICA ARTIE, ARER T SA, AMEKA LTTE), R 
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PREAH AAS Ha, {ETE TE FE, 

[9] Add to automobiles other transportation systems, such as light rail, fly-by-wire planes, 
all-electrical ships and drive-by-wire automobiles, represent a major application area of power 
electronics. 

BRT, KEZKA, WEYL. EEA A CHL, AR NFCA RH IA AB 
ARREST HT HP — PS SE BE YF a, 

[10] Clean and renewable energy can be derived from the sun and the wind. In photovoltaic 
systems, solar cells produce DC, and a power electronics interface is required to transfer the pow- 
er to the utility system, as shown in Fig. 4-8. 

Tea TA A FRE A EWR FY RFRA, FER ASO, OBA REHEAT mE 
E J HE, PAG ate GH BE Pt EH ABC, UNA 4-8 TAN. 


[11] Uninterruptible Power Supplies (UPSs) are used for critical loads that must not be in- 





terrupted during power outage. 
NEBE (UPS) BFF He BEY ae, OEH E UA A HD POT HE m HPT 


[12] In the voltage-link structure, the role of the utility-side converter is to convert line-fre- 





quency utility voltages to an unregulated DC voltage. This can be done by a diode-rectifier circuit 
like that discussed in basic electronics courses. 

EEREN, ZS Hk A Re HY EF a SB A H E E RO EL E 
FR, WISER PRET TC AY), AAEM Pt ie ESB, 


[13] High-frequency pulses are clearly needed in applications such as compact fluorescent 








lamps, induction heating, and DC power supplies where electrical isolation is achieved by means 
of a high-frequency transformer. 

FET MEY IEKT . RRMA, VA Se ab a E E a SH a lS BS) a E 
WERP, BAEREN i FY 


[14] The control over the switching-cycle-averaged value of the output voltage is achieved 























by adjusting or modulating the pulse width, which later on will be referred to as Pulse-Width- 
Modulation (PWM). 

iL as NCH ll KP AY SEE, BESET h BERF Jel PPE, Ja ee RR 
Vk rh SEREH 


[15] There has been a steady improvement in the voltage and current handling capabilities of 








solid-state devices such as diodes and transistors, and their switching speeds (from on to off, and 
vice versa) have increased dramatically, with some devices switching in tens of ns. 

Teil Ase PF AY) He EME a Pe ll AO A EE, RA PURE TTY 
FRERE (MIFSIK, KZI) DAREM, EAF a] RAL A 


[16] These semiconductor switches are integrated in a single package with all the circuitry 


























needed to make them switch, and to provide the necessary protection. 
TEBE SATE KA ts BEE ATT IP KR BBE Es BRP AS Ae Ta E — bd SLE — Ph i E 
RE, 


[17] Based on the functional specifications of PEBB and the performance requirements of 
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the intended applications, the PEBB designer addresses the details of device stresses, stray induct- 
ances, switching speed, losses, thermal management, protection, measurements of required varia- 
bles, control interfaces, and potential integration issues at all levels. 

SET HTD PPE EPR, WA PUY PERE BEOR EJ E TEHER 
BIEVER, FREE, ME, AS PR, BRA Me, Pehl FE TT 
BS APAROF HSE EE SH I AA 


[18] Significant areas for potential advancements in power electronic systems are in integrat- 




















ed and intelligent power modules, packaging , SIC-based solid-state devices, improved high ener- 
gy density capacitors, and improved topologies and control. 

FEMALE, RAWE ET AY Be A FE EY eR BE | SEP 
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Chapter 5 Magnetism and Electromagnetism 


5.1 Introduction 


Magnetism has been studied for many years. Some metals in their natural state attract small 
pieces of iron. This property is called magnetism. Materials that have this ability are called natural 
magnets. ll The first magnets used were called lodestones. Now, artificial magnets are made in 
many different strengths, sizes, and shapes. Magnetism is important because it is used in electric 
motors, generators, transformers, relays, and many other electrical devices. The earth itself has a 
magnetic field like a large magnet. 

Electromagnetism is magnetism that is brought about due to electrical current flow. There are 


[2] 


many electrical machines that operate because of electromagnetism. This chapter deals with 


magnetism and electromagnetism and some important applications. 


5.2 Permanent Magnets 


Magnets are made of iron, cobalt, or nickel materials, usually in an alloy ( or mixture). 
Each end of the magnet is called a pole. If a magnet is broken, each part becomes a magnet with 
two poles. Magnetic poles always occur in pairs. When a magnet is suspended in air so that it can 
turn freely, one pole will point to the North Pole of the earth, which explains why compasses can 
be used to determine direction. The north pole of a magnet attracts the south pole of another mag- 
net. A north pole repels another north pole, and a south pole repels another south pole. The two 
laws of magnetism are like poles repel, and unlike poles attract. 

Some materials retain magnetism longer than others. Hard steel holds its magnetism much 
longer than soft steel. A magnetic field is set up around any magnetic material. The field is made 
up of lines of force, or magnetic flux. These magnetic flux lines are invisible. They never cross 
one another, but they always form individual closed loops around a magnetic material. They have 
a definite direction from the north to the south pole along the outside of a magnet. '*) When mag- 
netic flux lines are close together, the magnetic field is strong. When magnetic flux lines are far- 
ther apart, the field is weaker. '‘*! The magnetic field is strongest near the poles. Lines of force 
pass through all materials. It is easy for lines of force to pass through iron and steel. Magnetic flux 
passes through a piece of iron as shown in Fig. 5-1. This type of permanent magnet is called a bar 
magnet. 

When magnetic flux passes through a piece of iron, the iron acts like a magnet. Magnetic 


poles are formed due to the influence of the flux lines. These are called induced poles. The in- 
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duced poles and the magnet’s poles attract and 
repel each other. Magnets attract pieces of soft 
iron in this way. It is possible to magnetize pieces 
of metal temporarily by using a bar magnet. If a 
magnet is passed over the top of a piece of iron 


several times in the same direction, the soft iron 





becomes magnetized and stays magnetized for a Distorted magnetic 


short period of time. [5] flux lines 


When a compass is brought near the north 





pole of a magnet, the north-seeking pole of the 
. . re Piece of iron 
compass is attracted to it. The polarities of the 


magnet may be determined by observing a com- Big oer: “Magnetic Flux Lines 


pass brought near each pole. Compasses detect the a E E 
presence of magnetic fields. 

Horseshoe magnets are similar to bar magnets. They are bent 
in the shape of a horseshoe, as shown in Fig. 5-2. This shape gives 
more magnetic field strength than a similar bar magnet, since the 
magnetic poles are closer. The magnetic field strength is more con- 
centrated into one area. Many electrical devices use horseshoe mag- 
nets. 

A magnetic material can lose some of its magnetism if it is 
jarred or heated. People must be careful when handling equipment Fig, 5-2 Horseshoe Magnet 
that contains permanent magnets. '°) A magnet also becomes weak- 
ened by loss of magnetic flux. Magnets should always be stored with a keeper, which is a 
soft-iron piece used to join magnetic poles. The keeper provides the magnetic flux with all easy 
paths between poles. The magnet will retain its greatest strength for a longer period of time if 
keepers are used. Bar magnets should always be stored in pairs with a north pole and a south pole 


placed together. A complete path for magnetic flux is made in this way. 


5.3 Magnetic Field around Conductors and a Coil 


5.3.1 Magnetic Field around Conductors 


Current-carrying conductors produce a magnetic field. A compass is used to show that the 
magnetic flux lines are circular in shape. The conductor isin the center of the circular shape. The 
direction of the current flow and the magnetic flux lines can be shown by using the left-hand rule 
of magnetic flux. 7] A conductor is held in the left hand, as shown in Fig5-3a. The thumb points 
in the direction of current flow from negative to positive. The fingers then encircle the conductor 


in the direction of the magnetic flux lines. 
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The circular magnetic field produced around a conductor is stronger near tile conductor and 
becomes weaker farther away from the conductor. A cross-sectional end view of a conductor with 
current flowing toward tile observer is shown in Fig. 5-3b. Current flow toward the observer is 
shown by a circle with a dot in the center. Notice that the direction of the magnetic flux lines is 
clockwise. This can be verified by using the left-hand rule. 

When the direction of current flow through a conductor is reversed, the direction of the mag- 
netic lines of force is also reversed. The cross-sectional end view of a conductor in Fig. 5-3c 
shows a current flow in a direction away from the observer. Notice that the direction of the mag- 


netic lines of force is now counterclockwise. 








Direction of 
magnetic flux Conductor 
Direction of 
Conductor SUE HOW 
a) b) 
Compass 
Conductor 
Conductor () 
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c) d) 


Fig. 5-3 The Direction Relationship of Current Flow and Magnetic Flux 


The presence of magnetic lines of force around a current-carrying conductor can be observed 
by using a compass. When a compass is moved around the outside of a conductor, the needle 
aligns itself tangent to the lines of force, as shown in Fig. 5-3d. The needle does not point toward 
the conductor. When current flows in the opposite direction, the compass polarities reverse. The 


compass needle aligns itself tangent to the conductor. 


5.3.2 Magnetic Field around a Coil 


The magnetic field around one loop of wire is shown in Fig. 5-4. Magnetic flux lines extend 
around the conductor as shown. Inside the loop, the magnetic flux is in one direction, i. e. a di- 
rection away from the observer. When many loops are joined together to form a coil, the magnetic 
flux lines surround the coil, as shown in Fig. 5-5. The field around a coil is much stronger than 
tile field of one loop of wire. The field around the coil is the same shape as the field around a bar 
magnet. A coil that has an iron or steel core inside it is called an electromagnet. A core increases 


the magnetic flux density of a coil. be 
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Fig. 5-4 Magnetic Filed around a Loop of Wire Fig. 5-5 Magnetic Filed around a Coil of Wire 


5.3.3 Electromagnets 


Electromagnets are produced when current flows through a coil of wire. The north pole of a 









coil of wire is the end where the lines of a Sf 

force come out. The south pole is the T eNO ine 
|g SEN 

end where the lines of force enter the i, Wg N ENN \ 

coil. This is like the field of a bar mag- + X / Ges ANN 

net. To find the north pole of a coil, use i i l i I i l j jii Vi 

the left-hand rule for polarity, as shown WHE | l l l | 

in Fig, 5-6. Grasp the coil with the left Curentflow uA tat 

hand. Point the fingers in the direction of ; if 

current flow through the coil. Tile thumb LV eee Canes 

points to the north polarity of the coil. Sar oes 


When the polarity of the voltage Fig. 5-6 Magnetic Filed around a Coil of Wire with a Core 
source is reversed, the magnetic poles of 


tile coil also reverse. The poles of an electromagnet can be checked with a compass. The compass 
is placed near a pole of the electromagnet. If the north-seeking pole of the compass points to the 
coil, that side is the north pole. 

Electromagnets have several turns of wire wound around a soft-iron core. An electrical power 
source is then connected to the ends of the turns of wire. When current flows through the wire, 
the magnetic polarities are produced at the ends of the soft iron core. |°! The three basic parts of an 
electromagnet are()an iron core, (2)wire windings, and@)an electrical power source. Electromag- 
netism is made possible by electric current flow, which produces a magnetic field. When electrical 
current flows through the coil, the properties of magnetic materials are developed. 

The magnetic strength of an electromagnet depends on three factors; T) the amount of current 
passing through the coil, @) the number of turns of wire, and (3) the type of core material. L10] The 
number of magnetic lines of force is increased by increasing the current, by increasing the number 
of turns of wire, or by using a more desirable type of core material. The magnetic strength of 


electromagnets is determined by the ampere-turns of each coil. The number of ampere-turns is 
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equal to the current in amperes multiplied by the number of turns of wire (J x N). For example, 
200 ampere-turns are produced by 2 A of current through a 100-turn coil. One ampere of current 
through a 200-turn coil produces the same magnetic field strength. 

The magnetic field strength of an electromagnet also depends on the type of core material. 
Cores are usually made of soft iron or steel, since these materials transfer a magnetic field better 
than air or other nonmagnetic materials. Iron cores increase the flux density of an electromagnet. 
Fig. 5-6 shows that an iron core causes the magnetic flux to be more dense. 

An electromagnet loses its field strength when the current stops flowing. However, an 
electromagnet’s core retains a small amount of magnetic strength after current stops flowing. This 


L] Tt can be reduced by using soft iron 


is called residual magnetism, or “leftover” magnetism. 
cores or increased by using hard-steel core material. Residual magnetism is very important in the 
operation of some types of electrical generators. 

In many ways, electromagnetism is similar to magnetism produced by natural magnets such as 
bar magnets. However, the main advantage of electromagnetism is that it is easily controlled. It is 
easy to increase the strength of an electromagnet by increasing the current flow through tile coil. 
This is done by increasing the voltage applied to the coil. The second way to increase tile strength 
of an electromagnet is to have more turns of wire around tile core. A greater number of turns pro- 
duces more magnetic lines of force around the electromagnet. The strength of an electromagnet is 
also affected by the type of core material used. Different alloys of iron are used to make the cores 
of electromagnets. Some materials aid in the development of magnetic lines of force to a greater 
extent. Other types of core materials offer greater resistance to the development of magnetic flux 


around an electromagnet. 


5.4 Ohm’s Law for Magnetic Circuits 


A relationship similar to Ohm’s law for electrical circuits exists in magnetic circuits. Magnetic 
circuits have magnetomotive force (MMF), magnetic flux (®), and reluctance ( R). MMF is 
the force that causes a magnetic flux to be developed. Magnetic flux consists of the lines of force 
around a magnetic material. ‘?] Reluctance is the opposition to the development of a magnetic 
flux. These terms may be compared to voltage, current, and resistance in electrical circuits. When 
MMF increases, magnetic flux increases. Remember that in an electrical circuit, when voltage in- 
creases, current increases. When resistance in an electrical circuit increases, current decreases. 


When reluctance of a magnetic circuit increases, magnetic flux decreases. 


5.5 Domain Theory of Magnetism 


A theory of magnetism was presented in the nineteenth century by the German scientist Wil- 
helm Weber. Weber’s theory of magnetism was called the molecular theory. It dealt with the 


alignment of molecules in magnetic materials. Weber felt that molecules were aligned in an orderly 
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arrangement in magnetic materials. In nonmagnetic materials, he thought that molecules were ar- 
ranged in a random pattern. 

Weber’s theory has now been modified somewhat to become the domain theory of magnet- 
ism. This theory deals with the alignment in materials of domains rather than molecules. ''*! A do- 
main is a group of atoms (about 10" atoms). Each domain acts like a tiny magnet. The rotation 
of electrons around the nucleus of these atoms is important. Electrons have a negative charge. As 
they orbit around the nucleus of atoms, their electrical charge moves. This moving electrical field 
produces a magnetic field. The polarity of the magnetic field is determined by the direction of 
electron rotation. 

The domains of magnetic materials are atoms grouped together. Their electrons are believed 
to spin in the same directions. This produces a magnetic field due to electrical charge movement. 
In nonmagnetic materials, half of the electrons spinin one direction and half spin in the opposite 
direction. Their charges cancel each other out, so no magnetic field is produced. Electron rotation 
in magnetic materials is in the same direction, which causes the domains to act like tiny magnets 


that align to produce a magnetic field. 


5.6 Electricity Produced by Magnetism 


A scientist named Michael Faraday discovered in the early 1830s that electricity is produced 
from magnetism. He found that if a magnet is placed inside a coil of wire, electrical current is 
produced when the magnet is moved. 

Faraday’s law is stated as follows: When a coil of wire moves across the lines of force of a 
magnetic field, electrons flow through the wire in one direction. When the coil of wire moves 
across the magnetic lines of force in the opposite direction, electrons flow through the wire in the 


opposite direction. |"! 


This is the principle of electrical power generation. Most of the electrical 
energy used today is produced by using magnetic energy. 

Current flows in a conductor placed inside a magnetic field only when there is motion between 
the conductor and the magnetic field. If a conductor is stopped moving across the magnetic lines of 


L15] The opera- 


force, currentwill stop flowing. This principle is called electromagnetic induction. 
tion of electrical generators depends on conductors moving across a magnetic field. The right-hand 
rule is used to determine the direction of electron flow. This rule for generators is stated as fol- 
lows: Hold the thumb, forefinger, and middle finger of the right hand perpendicular to each oth- 
er. Point the forefinger in the direction of the magnetic field from north to south. Point the thumb 
in the direction of the motion of the conductor. The middle finger will then point in the direction 
of electron current flow. 

If a conductor or a group of conductors is moved through a strong magnetic field, induced 
current will flow and a voltage will be produced. Fig. 5-7 shows a loop of wire rotated through a 
magnetic field. The position of the loop inside the magnetic field determines the amount of in- 


duced current and voltage. The opposite sides of the loop move across the magnetic lines of force 
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in opposite directions. This movement causes an DC excitation 


- + 
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equal amount of electrical current to flow in 






Stator windings 
(filed poles) 






opposite directions through the two sides of the 


loop. Notice each position of the loop and the resul- 





ting output voltage in Fig. 5-7. The electrical cur- 
rent flows in one direction and then in the opposite 
direction with every complete revolution of the con- 
ductor. This method produces alternating current. 
One complete rotation is called a cycle. The num- 


ber of cycles per second is known as the frequency. 







Rotator 


Most AC generators produce 50 cycles per sec- conductor 


ond. 16? 


The ends of the conductor that move across the 







Slip rings 


magnetic field of the generator shown in Fig. 5-7 are and prush 


connected to slip rings and brushes. The slip rings 





are mounted on the same shaft as the conductor. 





AC output 
Carbon brushes are used to make contact with the Tiad onei 





slip rings. The electrical current induced into the Fig. 5-7 Basic AC Generator 
conductor flows through the slip rings to the bru- 
shes. When the conductor turns half a revolution , electrical current flows in one direction through 
the slip rings and the load. ''”) During the next half revolution of the coil, the positions of the two 
sides of the conductor are opposite. The direction of the induced current is reversed. Current now 
flows through the load in the opposite direction. 

The conductors that make up the rotor of a generator have many turns. The generated voltage 
is determined by these three factors: 

1) The number of turns of wire used. 

2) The strength of the magnetic field. 

3) The speed of the prime mover used to rotate the machine. 

Direct current can also be produced by electromagnetic induction. A simple DC generator has 
a split-ring commutator instead of two slip rings. The split rings resemble one full ring, except 
that they are separated by small openings. Induced electrical current still flows in opposite direc- 
tions to each half of the split ring. However, current flows in the same direction in the load circuit 


due to the action of the split rings. 


New Words and Expressions 








1. magnetism n. WE, WEI, WEE 4. magnetic flux RME 
2. electromagnetism n. HARE, EZ 5. clockwise adj. JIE #177 E AY 


3. magnet n. WEEK 6. counterclockwise adj. Wet ATH 
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7. compass n. E, FR 15. align v. IWE 

8. loop n. FIR, R, Bh 16. generator n. ACHAAL 

9. coil n. AA 17. magnetic field fH 

10. turns n. MR 18. induction n. RM, RZ 
11. winding n. %2 19. slip ring SEH, PA 

12. flux density 4M% JE 20. carbon n. We 

13. magnetomotive force (MMF) = aj 21. commutator n. #@[a) #5 

14. molecular n. FAY, FAAP FAA RAY 22. reluctance n. f&bH 

Notes 


[1] Some metals in their natural state attract small pieces of iron. This property is called 
magnetism. Materials that have this ability are called natural magnets. 
— HE ITER IRRAS FSIS DERE, KARERA HELE, A ROM HERE ASB RY 


[2] Electromagnetism is magnetism that is brought about due to electrical current flow. 








There are many electrical machines that operate because of electromagnetism. 
FEL We SRE HB I TPE TR, A eH DT. 


[3] The field is made up of lines of force, or magnetic flux. These magnetic flux lines are 





invisible. They never cross one another, but they always form individual closed loops around a 
magnetic material. They have a definite direction from the north to the south pole along the out- 
side of a magnet. 

Vopr FH We ETI AY. HEI REA AY ILAS, WEEN, BEEN BE EK 
PER EHE EIE RA A AS TL iir A R BRS bd AT EI pa i AI Jy ES A RE JI GY) 
J Eo 


[4] When magnetic flux lines are close together, the magnetic field is strong. When magnet- 

















ic flux lines are farther apart, the field is weaker. 

WE AIA NA AME TT , A, BRERA, AAR 

[5] It is possible to magnetize pieces of metal temporarily by using a bar magnet. If a mag- 
net is passed over the top of a piece of iron several times in the same direction, the soft iron be- 
comes magnetized and stays magnetized for a short period of time. 
HLL (EA RRE RE RES A DY. WR ER — RR iF — A 
PRILA, CREE RS BEE, FF ERA REE 


[6] A magnetic material can lose some of its magnetism if it is jarred or heated. People must 











be careful when handling equipment that contains permanent magnets. 
REVER AHE ZU Die oh IPA Tg Od PB Seti ORE PE A MAP PEA Ed KARER 
Path E PY RR AM o 


[7] Current-carrying conductors produce a magnetic field. A compass is used to show that 





the magnetic flux lines are circular in shape. The conductor is in the center of the circular shape. 


The direction of the current flow and the magnetic flux lines can be shown by using the left-hand 
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rule of magnetic flux. 
FT ESAS PY ERA, TEP BE AY DA Res IE I GT) SMA TI BG 
JRR Dy E DAL DALI AY Tr Wd A HET R Te) aA Pe Te EUR ES o 


[8] The field around a coil is much stronger than tile field of one loop of wire. The field 








around the coil is the same shape as the field around a bar magnet. A coil that has an iron or steel 

core inside it is called an electromagnet. A core increases the magnetic flux density of a coil. 
ZRA El Ye Sy R Se TS J) FL RSG A, BPE) Fd EH DI SG ARI ER 

Jer] FEL SH NI AT] eS Rh NC oh AG PRA LER, AOAR PF PRE BET 


[9] Electromagnets have several turns of wire wound around a soft-iron core. An electrical 

















power source is then connected to the ends of the turns of wire. When current flows through the 
wire, the magnetic polarities are produced at the ends of the soft iron core. 

FEL Ba ER ee Hi LE RE ROY Jed FBV FLI LZ, PA HD SJ LI eG YE Be, SE 
2k PA E Dat Dik a EY LSS EH PE BO BY) Bh ERIR o 


[10] The magnetic strength of an electromagnet depends on three factors; D the amount of 








current passing through the coil, (2) the number of turns of wire, and @) the type of core material. 
ERKA FR oe ER SAL: OUTAGE, Qa, ORL 
BAYA AS , 


[11] An electromagnet loses its field strength when the current stops flowing. However, an 








electromagnet’s core retains a small amount of magnetic strength after current stops flowing. This 
is called residual magnetism, or “leftover” magnetism. 

HERED, HERA ASG AM, EE at Je B ERR ER SR 
Pe DH MY HA SZ Ge IE, TRAY RTE EN HE HE, 


[12] A relationship similar to Ohm’s law for electrical circuits exists in magnetic circuits. 











Magnetic circuits have magnetomotive force (MMF) , magnetic flux (®), and reluctance (R). 
MMF is the force that causes a magnetic flux to be developed. Magnetic flux consists of the lines 
of force around a magnetic material. 

TEMG PAF TES HERR ARS OC EE, AREA, RB, He he BC 
ESET OA YD, RARE RE A i] E AIRE FT LY o 


[13] Weber’s theory has now been modified somewhat to become the domain theory of mag- 




















netism. This theory deals with the alignment in materials of domains rather than molecules. 
SBA CST AEE TE TD MA RAS, Ee TEAR PR HEA M AN 
ad FAIRS 


[14] When a coil of wire moves across the lines of force of a magnetic field, electrons flow 





through the wire in one direction. When the coil of wire moves across the magnetic lines of force 
in the opposite direction, electrons flow through the wire in the opposite direction. 

MHZ Rel ie TI Fi ET IZ , B ORR PT mR, REVR R 
AY Iz ATT AHAT, E ORE PCH HT Dit aL AP 


[15] Current flows in a conductor placed inside a magnetic field only when there is motion 














between the conductor and the magnetic field. If a conductor is stopped moving across the magnet- 
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ic lines of force, current will stop flowing. This principle is called electromagnetic induction. 
BOER PHS, POA SAS TAA ie ST SA ere TE, MR A ED) 
FRE IZ HII, SASS PETAR AE LE Yat, RS RR Ay HEL AE IE Jn 


[16] The electrical current flows in one direction and then in the opposite direction with ev- 














ery complete revolution of the conductor. This method produces alternating current. One complete 
rotation is called a cycle. The number of cycles per second is known as the frequency. Most AC 
generators produce 50 cycles per second. 

PAE ER — PA, HLT FETR— Tr Td nh , PA PRATT TA, SCT TT 
AE, WERE ATS, BRD JS CE ART J AS, BP CT AS HL 
Be ASR BE BD 50 Jel 


[17] The slip rings are mounted on the same shaft as the conductor. Carbon brushes are used 











to make contact with the slip rings. The electrical current induced into the conductor flows through 
the slip rings to the brushes. When the conductor turns half a revolution, electrical current flows in 
one direction through the slip rings and the load. 

Bes Sg Se ie ee CET] AE, (SF ich) Sy Ps A Be fe Be, ASHRAF Tit FH PB 
MEE ASTER AY BEE ed SO, HLTA PF e aE HH A THK, 


PART 2 CONTROL THEORY 
AND TECHNOLOGY 


Chapter 6 Knowledge of Control Theory 


6.1 What Is Control? 


The term control has many meanings and often varies between communities. In this chapter, 
we define control to be the use of algorithms and feedback in engineered systems. Thus, control 
includes such examples as feedback loops in electronic amplifiers, setpoint controllers in chemical 
and materials processing, “fly-by-wire” systems on aircraft and even router protocols that control 
traffic flow on the Internet. Emerging applications include high-confidence software systems, au- 
tonomous vehicles and robots, real-time resource management systems and biologically engineered 
systems. At its core, control is an information science and includes the use of information in both 
analog and digital representations. |" 

A modern controller senses the operation of a system, compares it against the desired behav- 
ior, computes corrective actions based on a model of the system’s response to external inputs and 
actuates the system to effect the desired change. This basic feedback loop of sensing , computation 
and actuation is the central concept in control. [2] The key issues in designing control logic are en- 
suring that the dynamics of the closed loop system are stable ( bounded disturbances give bounded 
errors) and that they have additional desired behavior ( good disturbance attenuation, fast respon- 
siveness to changes in operating point, etc. ). These properties are established using a variety of 
modeling and analysis techniques that capture the essential dynamics of the system and permit the 
exploration of possible behaviors in the presence of uncertainty, noise and component failure. 

A typical example of a control system is shown in Fig. 6-1. The basic elements of sensing, 
computation and actuation are clearly seen. In modern control systems, computation is typically 
implemented on a digital computer, requiring the use of analog-to-digital (A/D) and digital-to- 
analog (D/A) converters. °! Uncertainty enters the system through noise in sensing and actuation 
subsystems , external disturbances that affect the underlying system operation and uncertain dynam- 
ics in the system (parameter errors, unmodeled effects, etc). The algorithm that computes the 


control action as a function of the sensor values is often called a control law. The system can be 
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influenced externally by an operator who introduces command signals to the system. 
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Fig. 6-1 Components of a Computer-Controlled System 


Control engineering relies on and shares tools from physics (dynamics and modeling) , com- 
puter science (information and software) and operations research (optimization, probability theo- 
ry and game theory) , but it is also different from these subjects in both insights and approach. 

Perhaps the strongest area of overlap between control and other disciplines is in the modeling 
of physical systems, which is common across all areas of engineering and science. One of the fun- 
damental differences between control-oriented modeling and modeling in other disciplines is the 
way in which interactions between subsystems are represented. [4] Control relies on a type of input/ 
output modeling that allows many new insights into the behavior of systems, such as disturbance 
attenuation and stable interconnection. Model reduction, where a simpler (lower-fidelity ) descrip- 
tion of the dynamics is derived from a high-fidelity model, is also naturally described in an input/ 
output framework. Perhaps most importantly, modeling in a control context allows the design of 
robust interconnections between subsystems, a feature that is crucial in the operation of all large 
engineered systems. 

Control is also closely associated with computer science since virtually all modem control al- 
gorithms for engineering systems are implemented in software. However, control algorithms and 
software can be very different from traditional computer software because of the central role of the 


dynamics of the system and the real-time nature of the implementation. 


6.2 Feedback 


Feedback is a central feature of life. The process of feedback governs how we grow, respond 
to stress and challenge, and regulate factors. In this chapter we provide an introduction to the bas- 


ic concept of feedback and the related engineering discipline of control. 
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A dynamical system is a system whose behavior changes over time, often in response to ex- 
ternal stimulation or forcing. The termfeedback refers to a situation in which two (or more) dy- 
namical systems are connected together such that each system influences the other and their dynam- 
ics are thus strongly coupled. I Simple causal reasoning about a feedback system is difficult be- 
cause the first system and the second system influences each other, leading to a circular argument. 
This makes reasoning based on cause and effect tricky, and it is necessary to analyze the system as 
a whole. A consequence of this is that the behavior of feedback systems is often counterintuitive , 
and it is therefore necessary to resort to formal methods to understand them. 

Fig. 6-2 illustrates in block diagram form the idea of feedback. We often use the terms open 
loop and closed loop when referring to such systems. A system is said to be a closed loop system 
if the systems are interconnected in a cycle, as shown in Fig. 6-2a. If we break the interconnec- 


tion, we refer to the configuration as an open loop system, as shown in Fig. 6-2b. 
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Fig. 6-2 Open and Closed Loop Systems 
a) Closed Loop b) Open Loop 


An early engineering example of a feedback system is a centrifugal governor, in which the 
shaft of a steam engine is connected to a flyball mechanism that is itself connected to the throttle of 
the steam engine. The system is designed so that as the speed of the engine increases ( perhaps be- 
cause of a lessening of the load on the engine) , the flyballs spread apart and a linkage causes the 
throttle on the steam engine to be closed. This in turn slows down the engine, which causes the 
flyballs to come back together. We can model this system as a closed loop system by taking Sys- 
tem | as the steam engine and System 2 as the governor. When properly designed, the flyball gov- 
ernor maintains a constant speed of the engine, roughly independent of the loading conditions. 
The centrifugal governor was an enabler of the successful Watt steam engine, which fueled the in- 
dustrial revolution. 

Feedback has many interesting properties that can be exploited in designing systems. As in 
the case of the flyball governor, feedback can make a system resilient toward external influences. 
It can also be used to create linear behavior out of nonlinear components, a common approach in 
electronics. More generally, feedback allows a system to be insensitive both to external disturb- 
ances and to variations in its individual elements. ‘°! 

Feedback has potential disadvantages as well. It can create dynamic instabilities in a system, 
causing oscillations or even runaway behavior. 7l Another drawback, especially in engineering 
systems, is that feedback can introduce unwanted sensor noise into the system, requiring careful 
filtering of signals. It is for these reasons that a substantial portion of the study of feedback sys- 
tems is devoted to developing an understanding of dynamics and a mastery of techniques in dynam- 


ical systems. 
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Feedback systems are ubiquitous in both natural and engineered systems. Control systems 
maintain the environment, lighting and power in our buildings and factories; they regulate the op- 
eration of our cars, consumer electronics and manufacturing processes; they enable our transporta- 
tion and communications systems; and they are critical elements in our military and space systems. 
For the most part they are hidden from view, buried within the code of embedded microproces- 
sors, executing their functions accurately and reliably. Feedback has also made it possible to in- 
crease dramatically the precision of instruments such as Atomic Force Microscopes ( AFMs) and 
telescopes. 

Feedback is a powerful idea which, as we have seen, is used extensively in natural and tech- 
nological systems. The principle of feedback is simple; base correcting actions on the difference 
between desired and actual performance. In engineering, feedback has been rediscovered and pa- 
tented many times in many different contexts. The use of feedback has often resulted in vast im- 
provements in system capability, and these improvements have sometimes been revolutionary, as 
discussed above. '*! The reason for this is that feedback has some truly remarkable properties. In 


this section we will discuss some of the properties of feedback that can be understood intuitively. 


6.3 PID Control 


The reason why on-off control often gives rise to oscillations is that the system overreacts 
since a small change in the error makes the actuated variable change over the full range. This 
effect is avoided in proportional control, where the characteristic of the controller is proportional to 


the control error for small errors. This can be achieved with the control law 


U max if C2 e max 
u= 4k,e if emin <E < ema (6-1) 
U max if eS e min 


Where k, is the controller gain, emin = Umin/ Kp ANd Emax = Umax” Kp, the interval (e ) is called 


the proportional band because the behavior of the controller is linear when the error is in this inter- 


min ? E max 


val: 

u(t) =k,(r-y) =k,e (6-2) 
While a vast improvement over on-off control, proportional control has the drawback that the 
process variable often deviates from its reference value. In particular, if some level of controlsig- 
nal is required for the system to maintain a desired value, then we must have e 40 in order to gen- 
erate the requisite input. 


This can be avoided by making the control action proportional to the integral of the error 


u(t) = K, f e(r)dz (6-3) 


This control form is called integral control, andk, is the integral gain. It can be shown 
through simple arguments that a controller with integral action has zero steady-state error. The 


catch is that there may not always be a steady state because the system may be oscillating. 
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An additional refinement is to provide the controller with an anticipative ability by using a 
prediction of the error. A simple prediction is given by the linear extrapolation 


de(t) 
dt 


Which predicts the error T, time units ahead. Combining proportional, integral and derivative con- 


e(t+T,) ~e(t) +T; 





(6-4) 


trol, we obtain a controller that can be expressed mathematically as 


de(t) 
dt 


The control action is thus a sum of three terms; the past as represented by the integral of the 





w(t) = Kelt) + K, f e(r)d(r) +h, (6-5) 


error, the present as represented by the proportional term and the future as represented by a linear 
extrapolation of the error (the derivative term). |”! This form of controller is called a Proportional- 
Integral-Derivative (PID) controller. 

A PID controller is very useful and is capable of solving a wide range of control problems. 
More than 95% of all industrial control problems are solved by PID control, although many of 
these controllers are actually Proportional-Integral (PI) controllers because derivative action is of- 
ten not included. |'°! There are also more advanced controllers, which differ from PID controllers 


by using more sophisticated methods for prediction. 


6.4 Adaptive Control 


6.4.1 Introduction 


For over forty years the field of adaptive control and adaptive systems has been an attractive 
and developing area for theorists, researchers, and engineers. Over 6000 publications have ap- 
peared during the history of adaptive systems and this number is certainly not definitive. However, 
the number of industry applications is still low because many manufacturers distrust nontraditional 
and sometimes rather complicated methods of control. The classic methods of control and regula- 
tion have often been preferred. These have been worked out in detail, tested, andin many cases 
reached the desired reliability and quality. On the other hand, it is necessary to realize that the 
vast majority of processes to be controlled are, in fact, neither linear nor stationary systems and 


LH] Such changes affect differ- 


change their characteristics over time or when the set point changes. 
ent processes in various ways and are not always significant. In other systems and processes, how- 
ever, the changes may be significant enough to make the use of controllers with fixed parameters , 
particularly of a PID type, unacceptable or eventually impossible. 

The first attempts to develop a new and higher quality type of controller, capable of adapting 
and modifying its behaviour as conditions change (due to stochastic disturbances), were made in 
the 1950s. This was in the construction of autopilot systems, in aeronautics, in the air force, and 
in the military. The concept of adaptation that in living organisms is characterized as a process of 


adaptation and learning was thus transferred to control, technical, and cybernetic systems. 
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From the beginning the development of adaptive systems was extremely heterogeneous and 
fruitful. |! The results were dependent on the level of the theory used and the technical and com- 
puting equipment available. During the first attempts simple analogue techniques (known as MIT 
algorithms) were applied. Later algorithms became more complicated and the theory, more de- 
manding. Many approaches were not suitable for real-time applications because of the performance 
of the available computers or were simply too sophisticated for analogue computers. That period 
brought results of a theoretical research value only. References show the wealth of methods and 
approaches dating from this pioneering age. 

During the 1960s two main areas emerged from this diversity of approaches to dominate the 
field of adaptive systems for many years. The first were Model Reference Adaptive Systems 
(MRAS) in which the parameters of the controller modify themselves so that the feedback system 
has the required behaviour. The second were self-tuning controllers (STC) , which due to use of 
the matrix inversion lemma were able to use measured data to identify the model (the controlled 
process) on-line. The linear feedback controller parameters adapt according to the values of the 
identified parameters of the process model. Naturally both directions had their own supporters. 
The next decade was characterized by growing attempts to use adaptive systems in real-world ap- 
plications, increased use of modern computers, and by applying the latest information and methods 
available in the theory of control. Examples include; 

1) The use of algebraic approach in control design; 

2) The parameterization of controllers ; 

3) The use of rational fraction functions ; 

4) The digitalization of signals and models. 

A survey of developments during this period is given in references. The 1980s saw further 
breakthroughs. As microprocessor became ever faster, cheaper and more compact, and analogue 
equipment began to fall into disuse, the level of digitalization increased and became attractive for 


Lal Adaptation was also relevant to other areas such as filtration, signal prediction, 


real-time use. 
image recognition, and others. Methods known as auto-tuning started to appear, in which adapta- 
tion only occurs in the first stage of control (in order to identify the right controller type, which 
then remains fixed). Conferences dealing specifically with adaptive systems were held and the 
number of monographs and special publications increased. In the early 1990s new discoveries were 
applied to adaptive methods , such as artificial intelligence, neuron networks and fuzzy techniques. 

However, in the second half of the 1990s adaptive systems still showed great unused potential 
in mass applications even though many well-known companies deployed adaptive principles for au- 
to-tuning and occasionally even for on-line control. There were still opportunities for improve- 
ments, for streamlining in the areas of theory and application, and for increasing reliability and ro- 
bustness. It has been accepted that there are processes that can only be controlled with automatic 
adaptive controllers but that are still controlled manually. In many real-world processes this high 
quality control must be ensured and as the process alters, this leads back to adaptation. It is rea- 


sonable to assume that even where a nonadaptive controller is sufficient, an adaptive controller can 
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achieve improvements in the quality of control. An example of this is the use of an adaptive con- 


trol decreased fuel consumption significantly. 
6.4.2 Formulation of Adaptive Control Problem 


Originally , adaptation was displayed only by plants and animals, where it is seen in its most 
varied forms. It is a characteristic of living organisms that they adapt their behaviour to their envi- 
ronment even where this is harsh. ‘'*’ 

Each adaptation involves a certain loss for the organism, whether it is material, energy, or 
information. After repeated adaptations to the same changes, plants and animals manage to keep 
such losses to a minimum. Repeated adaptation is, in fact, an accumulation of experiences that 
the organism can evaluate to minimize the losses involved in adaptation. We call this learning. 

Alongside such systems found in nature there are also technical systems capable of adaptation. 
These vary greatly in nature, and a wide range of mathematical tools are used to describe them. It 
is therefore impossible to find a single mathematical process to define all adaptive systems. For the 
purposes of our definition of adaptive systems we will limit ourselves to cybernetic systems which 
meet the following assumptions; 

1) Their state or structure may change; 

2) We may influence the state or output of the system. 

One possible generalized definition of an adaptive system is as follows: 

The adaptive system has three inputs and one 


output ( Fig. 6-3). The environment acting on the 







adaptive system is composed of two elements; Decision ruler 


y=f (wy) 





the reference variablew and disturbance v. The 
reference variable is created by the user but, as a 
rule, the disturbance cannot be measured. The 


system receives information on the required be- 





Loop for 


haviour Q, the system output is the behaviour of 
exchange © 





the system (decided rule) 
y=f(w,v,@) (6-6) 
Which assigns the single outputy to each behav- 





Minimization 
iour occurring in environments w and v. A eee ees eer nn 





change in behaviour, i. e. a change in this func- g (Q, wx 0) 





tionality, is effected by changing parameters ©. 
For each combination (w, v, @) we select pa- Fig. 6-3 Inner Structure of an Adaptive System 
rameter ®© * in place of @ so as to minimize loss 
function g (for unit time or for a given time period) 
g(Q,w,v,O) =2,,,(2,w,v,O * ) (6-7) 
In this case adaptation is the process used to search for® * and continues until this parameter 


is found. A characteristic property of an adaptive system is the fact that the process of adaptation 
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always occurs when there is a change in the environment w or v or a change in the required behav- 
iour. If a change occurs after each time interval T, adaptation will take place repeatedly at the start 
of each interval. If the adaptation then lasts for time t (after which loss g decreases) then the 
mean loss will be lower with a smaller ratio /T,. The inverse value of the mean loss is known as 
the adaptation effect. 

We mention here the so-called learning system. The learning system can be seen as a system 
that remembers the optimal value of parameter @ * on finishing the adaptation for the given m 
triplet (w,,, Va, @,,) of sequence | ( w,,,v,,,2,)}, fork=1, 2, =, m, =+, œ, and uses it 
to create in its memory the following function 

Ox = f (w,v,Q) (6-8) 

On completing the learning process the decided rule for every behaviour, in environments w 
and v can be chosen directly by selecting the appropriate value for parameter © * from memory 
without adaptation. 

We can conclude, therefore, that an adaptive system constantly repeats the adaptation 
process, even when the environment behaviour remains unchanged, and needs constant informa- 
tion on the required behaviour. A learning system evaluates repeated adaptations so as to remem- 
ber any state previously encountered during adaptation and when this reoccurs in the environment, 
does not use Equation (6-7) to find the optimum but uses information already in its memory. 

Adaptive and learning systems can be used to solve the following tasks; 

1) Recursive identification—i. e. the creation of a mathematical description of the controlled 
process using self-adjusting models. 

2) The control of systems about which we know too little before starting up to predefine the 
structure and parameters of the control algorithm, and also systems whose transfer characteristics 
change during control. 

3) Recognition of subjects or situations (scenes) and their classification. Adaptive and learn- 
ing systems are then components of so-called classifiers. 


4) Manipulation of subjects— Disturbances 
Measurable 












i.e. change of their spatial posi- 
Nonmeasurable 


tion. Adaptive and learning sys- Outputs 


tems are then components of ro- inputs pag 
bots. 

Further we will focus only on 
problems of adaptive control. re Measured indicators 
Fig. 6-4 shows a general block dia- mechanism tae 
gram of an adaptive system. Ac- 
cording to this diagram we can for- Required 
mulate the following definition; aan Comparison unit 

An adaptive system measures 


particular features of the adjustable Fig. 6-4 General Block Diagram of Adaptive Control System 
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system behaviour using its inputs, states and outputs. By virtue of comparison of these measured 
features and sets of required features it modifies parameters and the structure of an adjustable loop 
or generates an auxiliary input so that the measured features track as closely as possible the re- 
quired features. 

This definition is fairly general and allows inclusion of most of the adaptive problems of tech- 


L5] Features of the behaviour can take different forms in these problems. If the 


nical cybernetics. 
adaptive system is used for control, the behaviour feature could be, for example: 

1) Pole and zeros assignment of a closed loop system; 

2) The required overshoot of the step response of a closed loop system to reference and input 
disturbances; 

3) The settling time; 

4) The minimum value of various integral or summing criteria; 

5) The amplitude and natural frequency of oscillations in nonlinear loops; 

6) The frequency spectrum of a closed loop control system; 

7) The required value of gain and phase margins, etc. . 

For the purposes of automatic control we can simplify the definition of an adaptive system still 
further: 

Adaptive control systems adapt the parameters or structure of one part of the system (the con- 
troller) to changes in the parameters or structure in another part of the system (the controlled sys- 
tem) in such a way that the entire system maintains optimal behaviour according to the given crite- 
ria, independent of any changes that might have occurred. 

Adaptation to changes in the parameters or structure of the system can basically be performed 
in three ways: 

1) By making a suitable alteration to tile adjustable parameters of controller; 

2) By altering the structure of the controller; 


3) By generating a suitable auxiliary input signal (an adaptation by signal). 


New Words and Expressions 
































1. setpoint n. AEW, HEW 12. counterintuitive adj. HREM 

2. fly-by-wire BERAR 13. governor n. JTA 

3. router protocols FA FH at PPL 14. flyball n. KHE, BUD DR 

4. autonomous adj. HEM, horAy 15. throttle n. JAI 

5. attenuation n. IEIR 16. resilient adj. ASHEN, A EHK 

6. game theory ZW 17. perturbation n. Hz, Fit 

7. control-oriented — [fi [=] 44 iil 18. on-off control FFAs Hil 

8. fidelity n. (REJE 19. over-react EJER M 

9. be derived from W ÄH F 20. extrapolation n. JA24, HEC 

10. crucial adj. BR'REW 21. proportional-integral-derivative (PID) con- 

















11. causal reasoning [KR HEFE troller [UC fi-BG}-G} (PID) Pathak 
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22. stochastic disturbance fA#LACZH 32. monograph n. Bie 

23. autopilot n. Aaya! (4%) 33. harsh adj. APERI, HPAIAY 

24. aeronautics n. PUZ 34. accumulation n. FAB, RIMÈ 

25. cybernetic n. hE 35. learning system “UJAZ, WIAA 
26. heterogenous adj. PEPP, 2 AAA 36. recursive adj. IAW, Hay 

27. diversity n. BH, ZEEE 37. identification n. PRL, W5 

28. fuzzy control PRAF ill 38. self-adjusting AHA 

29. matrix inversion EREK IA 39. criteria n. RÝ 

30. lemma n. 4| FH 40. frequency spectrum ili 


31. rational fraction AMES IÈ 
Notes 


[1] At its core, control is an information science and includes the use of information in both 
analog and digital representations. 
HAGE, Eie VARS, EMA ARUBA PE Se YA 


[2] This basic feedback loop of sensing, computation and actuation is the central concept in 








control. 
MARM, FRAT LPT BS SEAS J ie Te Pe rll CHE) A BE 
z In modern control systems, computation is typically implemented on a digital computer , 
requiring the use of analog-to-digital (A/D) and digital-to-analog (D/A) converters. 
TEMPE Hl BEA, AM HS AE IT LS BLY, CL ahr BE ABE P/O Hh ot 
(A/D Peikar) FURY BUR Bea (D/A PEIRE) o 


[4] One of the fundamental differences between control-oriented modeling and modeling in 














other disciplines is the way in which interactions between subsystems are represented. 

MPE ER S A ER ER — PAR AB Xl a | AR BEV BY HE EF BY as 
DEN 

[5] The term feedback refers to a situation in which two (or more) dynamical systems are 
connected together such that each system influences the other and their dynamics are thus strongly 
coupled. 

“Keine” ite (a+) nore FE—T RREI ALA 
BELI, EAI) AY SAS HERE ALR ALG A 


[6] More generally , feedback allows a system to be insensitive both to external disturbances 








and to variations in its individual elements. 

DEWR, Ie REA DOT F PRGA BURR, HE A ER ot BUR, 

[7] Feedback has potential disadvantages as well. It can create dynamic instabilities in a sys- 
tem, causing oscillations or even runaway behavior. 

BUHL Te TE GRA, RIZE ARSC AY EEAS, SLR EL BARA El 

[8] The use of feedback has often resulted in vast improvements in system capability, and 


these improvements have sometimes been revolutionary, as discussed above. 
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Bere te a A AE (RE) PERE TE BUM Hei, ROM BET AI ee ee a PEAY, EAN 
BSC ATR 


[9] The control action is thus a sum of three terms; the past as represented by the integral of 











the error, the present as represented by the proportional term and the future as represented by a lin- 
ear extrapolation of the error (the derivative term). 

Ai, Pen GSP OT M: Me Ro Re, RAE HE A BREAK 
BIRZI (PII) 


[10] More than 95% of all industrial control problems are solved by PID control, although 





many of these controllers are actually Proportional-Integral ( PI) controllers because derivative ac- 
tion is often not included. 

E 95% KI TAPE R E PID Pe till ae RAY, BRAA h PAE E MA E h, 
KRAHE PI PEA o 

[11] On the other hand, it is necessary to realize that the vast majority of processes to be 








controlled are, in fact, neither linear nor stationary systems and change their characteristics over 
time or when the set point changes. 

Fa— Ta, mAAR I HK Ze BY E EREK EIERE, BIRR, CNTA 
PEKEZ RIE IE He RA E ERER. 

[12] From the beginning the development of adaptive systems was extremely heterogeneous 
and fruitful. 

AFR, Ain RSC Ae Ree E ie SF H EA BRAY 


[13 ] As microprocessor became ever faster, cheaper and more compact, and analogue 

















equipment began to fall into disuse, the level of digitalization increased and became attractive for 
real-time use. 

PER Ah BE ae ETS BE ERA, ERE, PIU PR FP a SP, BCS OF AB i 
fy, SPPESE IRL Wh BHP Ae SE S| o 


[14] It is a characteristic of living organisms that they adapt their behaviour to their environ- 





ment even where this is harsh. 
PE Bee, BENA A EITEM, AEE RR GE 


[15] This definition is fairly general and allows inclusion of most of the adaptive problems 





of technical cybernetics. 


RE MAA SAE, BE TK AR PMI TOS FAD Te 


Chapter 7 Motor Drives and Controls 


7.1 DC Motor Drives 


The thyristor DC drive remains an important speed-controlled industrial drive, especially 
where the higher maintenance cost associated with the DC motor brushes (c. f. induction motor) 
is tolerable. The controlled (thyristor) rectifier provides a low-impedance adjustable “DC’ volt- 
age for the motor armature, thereby providing speed control. 

Until the 1960s, the only really satisfactory way of obtaining the variable-voltage DC supply 
needed for speed control of an industrial DC motor was to generate it with a DC generator. The 
generator was driven at fixed speed by an induction motor, and the field of the generator was var- 
ied in order to vary the generated voltage. ''! The motor/generator (MG) set could be sited remote 
from the DC motor, and multi-drive sites (e. g. steelworks) would have large rooms full of MG 
sets, one for each variable-speed motor on the plant. Three machines (all of the same power rat- 
ing) were required for each of these Ward Leonard drives, which was good business for the motor 
manufacturer. For a brief period in the 1950s they were superseded by grid-controlled mercury arc 
rectifiers, but these were soon replaced by thyristor converters which offered cheaper first cost, 
higher efficiency (typically over 95% ) , smaller size, reduced maintenance, and faster response 
to changes in set speed. The disadvantages of rectified supplies are that the waveforms are not pure 
DC, that the overload capacity of the converter is very limited, and that a single converter is not 
capable of regeneration. 

Though no longer pre-eminent, study of the DC drive is valuable for several reasons: 

1) The structure and operation of the DC drive are reflected in almost all other drives, and 
lessons learned from the study of the DC drive therefore have close parallels to other types. 

2) The DC drive tends to remain the yardstick by which other drives are judged. 

3) Under constant-flux conditions the behaviour is governed by a relatively simple set of line- 
ar equations, so predicting both steady-state and transient behaviour is not difficult. When we turn 
to the successors of the DC drive, notably the induction motor drive, we will find that things are 
much more complex, and that in order to overcome the poor transient behaviour, the strategies 


adopted are based on emulating the DC drive. 
7.1.1  Thyristor DC Drives-General 


For motors up to a few kilowatts the armature converter can be supplied from either single- 
phase or three-phase mains, but for larger motors three-phase is always used. A separate thyris- 


toror diode rectifier is used to supply the field of the motor; the power is much less than the arma- 
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ture power, so the supply is often single-phase, as shown in Fig. 7-1. 


3-phase 








Speed Rectified 
reference Control devi 
oni evice 
firing 


Excited 
source 





Current feedback 





Speed feedback 


Fig. 7-1 Schematic Diagram of Speed-Controlled DC Motor Drive 


The arrangement shown in Fig. 7-1 is typical of the majority of DC drives and provides for 
closed-loop speed control. The function of the two control loops will be explored later. 

The main power circuit consists of a six-thyristor bridge circuit, which rectifies the incoming 
AC supply to produce a DC supply to the motor armature. The assembly of thyristors, mounted on 
a heat sink, is usually referred to as the stack. By altering the firing angle of the thyristors the 
mean value of the rectified voltage can be varied, thereby allowing the motor speed to be con- 
trolled. t°? 

We know that the controlled rectifier produces a crude form of DC with a pronounced ripple 
in the output voltage. This ripple component gives rise to pulsating currents and fluxes in the mo- 
tor, and in order to avoid excessive eddy-current losses and commutation problems, the poles and 
frame should be of laminated construction. It is accepted practice for motors supplied for use with 
thyristor drives to have laminated construction, but older motors often have solid poles and/or 
frames, and these will not always work satisfactorily with a rectifier supply. It is also the norm for 
drive motors to be supplied with an attached blower motor as standard. This provides continuous 
through ventilation and allows the motor to operate continuously at full torque even down to the 
lowest speeds without overheating. 

Low power control circuits are used to monitor the principal variables of interest (usually mo- 
tor current and speed) , and to generate appropriate firing pulses so that the motor maintains con- 
stant speed despite variations in the load. The speed reference (Fig. 7-1) is typically an analogue 
voltage varying from 0 to 10V, and obtained from a manual speed-setting potentiometer or from 
elsewhere in the plant. 

The combination of power, control, and protective circuits constitutes the converter. Standard 
modular converters are available as off-the-shelf items in sizes from 0. 5kW up to several hundred 
kW, while larger drives will be tailored to individual requirements. Individual converters may be 
mounted in enclosures with isolators, fuses etc. , or groups of converters may be mounted together 


to form a multi-motor drive. 
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1. Motor Operation with Converter Supply 

We have known the basic operation of the rectifying bridge, now we turn to the matter of 
how the DC motor behaves when supplied with DC from a controlled rectifier. 

By no stretch of imagination could the waveforms of armature voltage be thought of as good 
DC, and it would not be unreasonable to question the wisdom of feeding such an unpleasant 
looking waveform to a DC motor. In fact it turns out that the motor works almost as well as it 
would if fed with pure DC, for two main reasons. Firstly, the armature inductance of the motor 
causes the waveform of armature current to be much smoother than the waveform of armature volt- 
age, which in turn means that the torque ripple is much less than might have been feared. And 
secondly , the inertia of the armature is sufficiently large for the speed to remain almost steady de- 
spite the torque ripple. It is indeed fortunate that such a simple arrangement works so well, be- 
cause any attempt to smooth-out the voltage waveform would prove to be prohibitively expensive 
in the power ranges of interest. 

2. Motor Current Waveforms 

For the sake of simplicity we will look at operation from a three-phase (3-pulse) converter. 
The voltage applied to the motor armature is typically as shown in Fig. 7-2: it consists of rectified 
chunks of the incoming mains voltage, the precise shape and average value depending on the firing 


angle. 














Fig. 7-2 Waveforms for Armature Voltage and Armature Current 


The voltage waveform can be considered to consist of a mean DC level (U,) , and a superim- 
posed pulsating or ripple component. *! The mean voltage U a can be altered by varying the firing 
angle, which also incidentally alters the ripple. 

The ripple voltage causes a ripple current to flow in the armature , but because of the armature 
inductance, the amplitude of the ripple current is small. ‘*’ In other words, the armature presents a 
high impedance to AC voltages. This smoothing effect of the armature inductance is shown in 


Fig. 7-2, from which it can be seen that the current ripple is relatively small in comparison with 
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the corresponding voltage ripple. The average value of the ripple current is of course zero, so it 
has no effect on the average torque of the motor. There is nevertheless a variation in torque every 
half-cycle of the mains, but because it is of small amplitude and high frequency the variation in 
speed (and hence back EMF, £) will not usually be noticeable. 

The current at the end of each pulse is the same as at the beginning, so it follows that the av- 
erage voltage across the armature inductance (L) is zero. We can therefore equate the average ap- 
plied voltage to the sum of the back EMF (assumed pure DC because we are ignoring speed fluc- 
tuation) and the average voltage across the armature resistance, to yield 

U,=E+I,R (7-1) 
which is exactly the same as for operation from a pure DC supply. This is very important, as it 
underlines the fact that we can control the mean motor voltage, and hence the speed, simply by 


varying the converter delay angle. 


7.1.2 Control Arrangements for DC Drives 


The most common arrangement, which is used with only minor variations from small drives 
of say 0. 5kW up to the largest industrial drives of several megawatts, is the so-called two-loop 
control. This has an inner feedback loop to control the current (and hence torque) and an outer 
loop to control speed. When position control is called for, a further outer position loop is added. 

A standard DC drive system with speed and current control is shown in Fig. 7-3. The primary 
purpose of the control system is to provide speed control, so the input to the system is the speed 
reference signal on the left, and the output is the speed of the motor (as measured by the tacho- 
generator TG) on the right. As with any closed-loop system, the overall performance is heavily 
dependent on the quality of the feedback signal, in this case the speed-proportional voltage provid- 
ed by the tachogenerator. It is therefore important to ensure that the tacho is of high quality (so 
that its output voltage does not vary with ambient temperature, and is ripple-free) and as a result 


the cost of the tacho often represents a significant fraction of the total cost. 





Speed 
reference 


+ 





Speed feedback 


Fig. 7-3 Schematic Diagram of Analogue Controlled-Speed 


Drive with Current and Speed Feedback Control Loops 
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We will take an overview of how the scheme operates examine the function of the two loops 
in more detail. 

To get an idea of the operation of the system we will consider what will happen if, with the 
motor running light at a set speed, the speed reference signal is suddenly increased. Because the 
set (reference) speed is now greater than the actual speed there will be a speed error signal, repre- 
sented by the output of the left-hand summing junction in Fig. 7-3. A speed error indicates that ac- 
celeration is required, which in turn means torque, i. e. more current. The speed error is amplified 
by the speed controller ( which is more accurately described as a speed-error amplifier) and the 
output serves as the reference or input signal to the inner control system. !*! The inner feedback 
loop is a current-control loop, so when the current reference increases, so does the motor armature 
current , thereby providing extra torque and initiating acceleration. As the speed rises the speed er- 
ror reduces, and the current and torque therefore reduce to obtain a smooth approach to the target 


speed. 
7.1.3 Chopper-Fed DC Motor Drives 


If the source of supply is DC, a chopper-type converter is usually employed. The principal 
difference between the thyristor-controlled rectifier and the chopper is that in the former the motor 
current always flows through the supply, whereas in the latter, the motor current only flows from 
the supply terminals for part of each cycle. 

A single-switch chopper using a transistor, MOSFET or IGBT can only supply positive volt- 
age and current to a DC motor, and is therefore restricted to quadrant 1 motoring operation. L6] 
When regenerative and/or rapid speed reversal is called for, more complex circuitry is required, 
involving two or more power switches, and consequently leading to increased cost. Many different 
circuits are used and it is not possible to go into detail here. 

1. Performance of Chopper-Fed DC Motor Drives 

We saw earlier that the DC motor performed almost as well when fed from a phase-controlled 
rectifier as it does when supplied with pure DC. The chopper-fed motor is, if anything , rather bet- 
ter than the phase-controlled, because the armature current ripple can be less if a high chopping 
frequency is used. Typical waveforms of armature voltage and current are shown in Fig. 7-4b: 
these are drawn with the assumption that the switch is ideal. A chopping frequency of around 
100Hz, as shown in Fig. 7-4, is typical of medium and large chopper drives, while small drives 
often use a much higher chopping frequency, and thus have lower ripple current. As usual, we 
have assumed that the speed remains constant despite the slightly pulsating torque, and that the ar- 
mature current is continuous. 

The shape of the armature voltage waveform reminds us that when the transistor is switched 
on, the battery voltage V is applied directly to the armature, and for the remainder of the cycle the 
transistor is turned off and the current freewheels through the diode. '’! When the current is free- 
wheeling through the diode, the armature voltage is clamped at (almost) zero. 


The speed of the motor is determined by the average armature voltage Vpc, which in turn de- 
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pends on the proportion of the total cycle time (7) for which the transistor is on. If the on and off 
times are defined as defined as T,, = kT and T,, =(1-k)T, where 0 <k <1, average voltage is 


simply given by V,. =kV, from which we see that speed control is effected via the on time ratio, k. 


Voc 





b) 
Fig. 7-4 Chopper-Fed DC Motor (t =loms) 
a) A Simple Chopper Circuit b) The Typical Armature Voltage and Current Waveforms 


Turning now to the current waveforms shown in Fig. 7-4b, the upper waveform corresponds 
to full load, i. e. the average current (Ipc) produces the full rated torque of the motor. If now the 
load torque on the motor shaft is reduced to half rated torque, and assuming that the resistance is 
negligible, the steady-state speed will remain the same but the new mean steady-state current will 
be halved, as shown by the lower curve. We note however that although, as expected, the mean 
current is determined by the load, the ripple current is unchanged, and this is explained below. 

If we ignore resistance, the equation during ‘on period’ is 

di 
V=E+L ad (7-2) 

Since V is greater than Æ, the gradient of the current (di/dt) is positive, as can be seen in 
Fig. 7-4b. During this on period the battery is supplying power to the motor. Some of the energy 
is converted to mechanical output power, but some is also stored in the magnetic field associated 
with the inductance, the latter is given by (1/2) Li’. We note that during the off time the gradi- 
ent of the current is negative (as shown in Fig. 7-4b) and it is determined by the motional EMF 
E. During this period, the motor is producing mechanical output power which is supplied from the 


energy stored in the inductance; not surprisingly the current falls as the energy previously stored in 
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the ‘on’ period is now given up. 

During the off period, the equation governing the current is 

di 
O=E+L a (7-3) 

We note that the rise and fall of the current (i. e. the current ripple) is inversely proportional 
to the inductance, but is independent of the mean DC current, i. e. the ripple does not depend on 
the load. 

2. Torque-Speed Characteristics and Control Arrangements 

Under open-loop conditions (i. e. where the mark-space ratio of the chopper is fixed at a par- 
ticular value) the behavior of the chopper-fed motor is similar to the converter-fed motor discussed 
earlier. When the armature current is continuous the speed falls only slightly with load, because 
the mean armature voltage remains constant. But when the armature current is discontinuous 
(which is most likely at high speeds and light load) the speed falls off rapidly when the load in- 
creases, because the mean armature voltage falls as the load increases. Discontinuous current can 
be avoided by adding an inductor in series with the armature, or by raising the chopping frequen- 
cy, but when closed-loop speed control is employed, the undesirable effects of discontinuous cur- 
rent are masked by the control loop. 

The control philosophy and arrangements for a chopper-fed motor are the same as for the con- 
verter-fed motor, with the obvious exception that the mark-space ratio of the chopper is used to 


vary the output voltage, rather than the firing angle. !®? 


7.2 Inverter-Fed Induction Motor Drives 


7.2.1 Introduction 


As we know that the induction motor can only run efficiently at low slips, i. e. close to the 
synchronous speed of the rotating field. The best method of speed control must therefore provide 
for continuous smooth variation of the synchronous speed, which in turn calls for variation of the 
supply frequency. This is achieved using an inverter to supply the motor. A complete speed con- 


trol scheme which includes tacho (speed) feedback is shown in block diagram form in Fig. 7-5. 


motor 


Fig. 7-5 General Arrangement of Inverter-Fed Variable-Frequency Induction Motor Speed-Controlled Drive 
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We should recall that the function of the converter is to draw power from the fixed-frequency 
constant-voltage mains, and convert it to variable frequency, variable voltage for driving the in- 
duction motor. Both the rectifier and the inverter employ switching strategies, so the power con- 
versions are accomplished efficiently and the converter can be compact. 

Variable frequency inverter-fed induction motor drives are used in ratings up to hundreds of 
kilowatts. Standard 50Hz or 60Hz motors are often used (though as we will see later this limits 
performance ) , and the inverter output frequency typically covers the range from around 5-10Hz up 
to perhaps 120Hz. This is sufficient to give at least a 10 : 1 speed range with a top speed of twice 
the normal (mains frequency) operating speed. The majority of inverters are 3-phase input and 
3-phase output, but single-phase input versions are available up to about 5kW and some very small 
inverters (usually less than 1kW) are intended for use with single-phase motors. 

A fundamental aspect of any converter, which is often overlooked, is the instantaneous ener- 
gy balance. In principle, for any balanced 3-phase load, the total load power remains constant 
from instant to instant, so if it was possible to build an ideal 3-phase input, 3-phase output con- 
verter, there would be no need for the converter to include any energy storage elements. In prac- 
tice, all converters require some energy storage, but these are relatively small when the input is 
3-phase because the energy balance is good. However, as mentioned above, many small and me- 
dium power converters are supplied from single-phase mains. In this case, the instantaneous input 
power is zero at least twice per cycle of the mains. If the motor is 3-phase, it is obviously neces- 
sary to store sufficient energy in the converter to supply the motor during the brief intervals when 
the load power is greater than the input power. This explains why the most bulky components in 
many small and medium power inverters are electrolytic capacitors. 

The majority of inverters used in motor drives are voltage source inverters (VSI) , in which 
the output voltage to the motor is controlled to suit the operating conditions of the motor. Current 
source inverters (CSI) are still used, particularly for large applications, but will not be discussed 
here. 

1. Inverter Waveforms 

When we looked at the converter-fed DC motor, we saw that the behaviour was governed pri- 
marily by the mean DC voltage, and that for most purposes we could safely ignore the ripple com- 
ponents. A similar approximation is useful when looking at how the inverter-fed induction motor 
performs. We make use of the fact that although the actual voltage waveform supplied by the in- 
verter will not be sinusoidal, the motor behaviour depends principally on the fundamental ( sinu- 
soidal) component of the applied voltage. This is a somewhat surprising but extremely welcome 
simplification, because it allows us to make use of our knowledge of how the induction motor be- 
haves with a sinusoidal supply to anticipate how it will behave when fed from an inverter. A typi- 
cal voltage waveforms for PWM inverter-fed is shown in Fig. 7-6. 

In essence, the reason why the harmonic components of the applied voltage are much less sig- 
nificant than the fundamental is that the impedance of the motor at the harmonic frequencies is 


much higher than at the fundamental frequency. This causes the current to be much more sinusoid- 
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al than the voltage, and this in turn means that we can expect a sinusoidal traveling field to be set 


up. 








Fig. 7-6 Typical Voltage Waveforms for PWM Inverter-Fed 


It would be wrong to pretend that the harmonic components have no effects, of course. They 
can create unpleasant acoustic noise, and always give rise to additional iron and copper losses. |”! 
As a result it is common for a standard motor to have to be derated for use on an inverter supply. 

As with the DC drive the inverter-fed induction motor drive will draw non-sinusoidal currents 
from the utility supply. If the supply impedance is relatively high significant distortion of the 
mains voltage waveform is inevitable unless filters are fitted on the AC input side, but with normal 
industrial supplies there is no problem for small inverters of a few kW rating. 

2. Steady-State Operation—Importance of Achieving Full Flux 

Three simple relationships need to be borne in mind to simplify understanding of how the in- 
verter-fed induction motor behaves. Firstly, we established that for a given induction motor, the 
torque developed depends on the strength of the rotating flux density wave, and on the slip speed 
ofthe rotor, i.e. on the relative velocity of the rotor with respect to the flux wave. Secondly, the 
strength or amplitude of the flux wave depends directly on the supply voltage to the stator wind- 
ings, and inversely on the supply frequency. And thirdly, the absolute speed of the flux wave de- 
pends directly on the supply frequency. 

Recalling that the motor can only operate efficiently when the slip is small, we see that the 
basic method of speed control rests on the control of the speed of rotation of the flux wave (i. e. 
the synchronous speed) , by control of the supply frequency. If the motor is a 4-pole one, for ex- 
ample, the synchronous speed will be 1, 500r/min when supplied at 50Hz, 1, 200r/min at 
40Hz, 750r/min at 25Hz and so on. The no-load speed will therefore be almost exactly propor- 
tional to the supply frequency , because the torque at no load is small and the corresponding slip is 


also very small. 


82 BALES AOWe WR 


Turning now to what happens on load, we know that when a load is applied the rotor slows 
down, the slip increases, more current is induced in the rotor, and more torque is produced. ae 
When the speed has reduced to the point where the motor torque equals the load torque, the speed 
becomes steady. We normally want the drop in speed with load to be as small as possible, not on- 
ly to minimise the drop in speed with load, but also to maximise efficiency; in short, we want to 
minimise the slip for a given load. 

It is known that the slip for a given torque depends on the amplitude of the rotating flux 
wave: the higher the flux, the smaller the slip needed for a given torque. It follows that having set 
the desired speed of rotation of the flux wave by controlling the output frequency of the inverter we 
must also ensure that the magnitude of the flux is adjusted so that it is at its full (rated) value, re- 
gardless of the speed of rotation. This is achieved by making the output voltage from the inverter 
vary in the appropriate way in relation to the frequency. 

We recall that the amplitude of the flux wave is proportional to the supply voltage and in- 
versely proportional to the frequency, so if we arrange that the voltage supplied by the inverter va- 
ry in direct proportion to the frequency, the flux wave will have a constant amplitude. This philos- 
ophy is at the heart of most inverter-fed drive systems; there are variations, as we will see, but in 
the majority of cases the internal control of the inverter will be designed so that the output voltage 
to frequency ratio (V/f) is automatically kept constant, at least up to the ‘base’ (50Hz or 
60Hz) frequency. 

Many inverters are designed for direct connection to the mains supply, without a transformer, 
and as a result the maximum inverter output voltage is limited to a value similar to that of the 
mains. With a 415V supply, for example, the maximum inverter output voltage will be perhaps 
450V. Since the inverter will normally be used to supply a standard induction motor designed for 
say 415V, 50Hz operation, it is obvious that when the inverter is set to deliver 50Hz, the voltage 
should be 415V, which is within the inverter’s voltage range. But when the frequency was raised 
to say 100Hz, the voltage should-ideally-be increased to 830V in order to obtain full flux. The in- 
verter cannot supply voltages above 450V, and it follows that in this case full flux can only be 
maintained up to speeds a little above base speed. 

Established practice is for the inverter to be capable of maintaining the V/f ratio constant up 
to the base speed, but to accept that at all higher frequencies the voltage will be constant at its 


maximum value. |"! 


| This means that the flux is maintained constant at speeds up to base speed, 
but beyond that the flux reduces inversely with frequency. Needless to say the performance above 
base speed is adversely affected, as we will see. 

Users are sometimes alarmed to discover that both voltage and frequency change when a new 
speed is demanded. Particular concern is expressed when the voltage is seen to reduce when a low- 
er speed is called for. Surely, it is argued, it can’t be right to operate say a 400V induction motor 
at anything less than 400V. The fallacy in this view should now be apparent: the figure of 400V is 
simply the correct voltage for the motor when run directly from the mains, at say 50Hz. If this full 


voltage was applied when the frequency was reduced to say 25Hz, the implication would be that 
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the flux would have to rise to twice its rated value. 

This would greatly overload the magnetic circuit of the machine, giving rise to excessive satu- 
ration of the iron, an enormous magnetising current and wholly unacceptable iron and copper los- 
ses. To prevent this from happening, and keep the flux at its rated value, it is essential to reduce 
the voltage in proportion to frequency. In the case above, for example, the correct voltage at 
25Hz would be 200V. 


7.2.2 Torque-Speed V/F Operation Constant 


When the voltage at each frequency is adjusted so that the ratio V/f is kept constant up to 
base speed, and full voltage is applied thereafter, a family of torque-speed curves as shown in 
Fig. 7-7 is obtained. These curves are typical for a standard induction motor of several kW output. 

As expected, the no-load speeds are Speed | 


directly proportional to the frequency, 


50Hz 


and if the frequency is held constant, 
e. g. at 25Hz in Fig. 7-7, the speed drops 
only modestly from no-load (point a) to 
full-load ( point b). These are therefore 
good open-loop characteristics, because 
the speed is held fairly well from no-load 
to full-load. If the application calls for 
the speed to be held precisely, this can 














clearly be achieved ( with the aid of o soe 
Torque 
closed-loop speed control) by raising the pe 


frequency so that the full-load operating Fig. 7-7 Torque-Speed Curves for Inverter-Fed Induction 


point moves to point c. Motor with Constant Voltage-Frequency Ratio 

We also note that the pull-out torque and the torque stiffness (i.e. the slope of the torque- 
speed curve in the normal operating region) is more or less the same at all points below base 
speed, except at low frequencies where the effect of stator resistance in reducing the flux becomes 
very pronounced. It is clear from Fig. 7-7 that the starting torque at the minimum frequency is 
much less than the pull-out torque at higher frequencies, and this could be a problem for loads 
which require a high starting torque. 

The low-frequency performance can be improved by increasing the V/f ratio at low frequen- 
cies in order to restore full flux, a technique which is referred to as “low-speed voltage boosting’ 
. Most drives incorporate provision for some form of voltage boost, either by way of a single ad- 
justment to allow the user to set the desired starting torque, or by means of more complex provi- 
sion for varying the V/f ratio over a range of frequencies. 

This region of the characteristics is known as the ‘ constant torque’ region, which means that 
for frequencies up to base speed, the maximum possible torque which the motor can deliver is in- 


dependent of the set speed. Continuous operation at peak torque will not be allowable because the 
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motor will overheat, so an upper limit will be imposed by the controller, as discussed shortly. |’! 
With this imposed limit, operation below base speed corresponds to the armature-voltage control 
region of a DC drive. 

We should note that the availability of high torque at low speeds (especially at zero speed ) 
means that we can avoid all the ‘ starting’ problems associated with fixed-frequency operation. By 
starting off with a low frequency which is then gradually raised the slip speed of the rotor is always 
small, i. e. the rotor operates in the optimum condition for torque production all the time, thereby 
avoiding all the disadvantages of high-slip (low torque and high current) that are associated with 
mains-frequency starting. This means that not only can the inverter-fed motor provide rated torque 
at low speeds, but perhaps more importantly—it does so without drawing any more current from 
the mains than under full-load conditions, which means that we can safely operate from a weak 
supply without causing excessive voltage dips. For some essentially fixed-speed applications, the 
superior starting ability of the inverter-fed system alone may justify its cost. 

Beyond the base frequency, the V/f ratio reduces because V remains constant. The amplitude 
of the flux wave therefore reduces inversely with the frequency. Now we saw that the pull-out 
torque always occurs at the same absolute value of slip speed, and that the peak torque is propor- 
tional to the square of the flux density. Hence in the constant voltage region the peak torque re- 
duces inversely with the square of the frequency and the torque-speed curve becomes less steep, as 


shown in Fig. 7-8. 


Speed 


50Hz 
37.5Hz 


20Hz 








o Torque 


Fig. 7-8 Typical Torque-Speed Curves for Inverter-Fed Induction Motor with Low-Speed Voltage Boost, Constant 
Voltage-Frequency Ratio from Low Speed up to Base Speed, and Constant Voltage above Base Speed 


7.2.3 Vector (Field-Oriented) Control 


We have seen previously that in both the induction motor and the DC motor, torque is pro- 
duced by the interaction of currents on the rotor with the radial flux density produced by the stator. 
Thus to change the torque, we must either change the magnitude of the flux, or the rotor current, 
or both; and if we want a sudden (step) increase in torque, we must make the change (or chan- 


ges) instantaneously. 
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Since every magnetic field has stored energy associated with it, it should be clear that it is not 
possible to change a magnetic field instantaneously , as this would require the energy to change in 
zero time, which calls for a pulse of infinite power. In the case of the main field of a motor, we 
could not hope to make changes fast enough even to approximate the step change in torque we are 
seeking, so the only alternative is to make the rotor current change as quickly as possible. 

In the DC motor it is relatively easy to make very rapid changes in the armature (rotor) cur- 
rent because we have direct access to the armature current via the brushes. The armature circuit in- 
ductance is relatively low, so as long as we have plenty of voltage available, we can apply a large 
voltage (for a very short time) whenever we want to make a sudden change in the armature cur- 
rent and torque. This is done automatically by the inner (current-control) loop in the DC drive. 

In the induction motor, matters are less straightforward because we have no direct access to 
the rotor currents, which have to be induced from the stator side. Nevertheless, because the stator 
and rotor windings are tightly coupled via the air-gap field, it is possible to make more or less in- 
stantaneous changes to the induced currents in the rotor, by making instantaneous changes to the 
stator currents. H°? Any sudden change in the stator MMF pattern (resulting from a change in the 
stator currents) is immediately countered by an opposing rotor MMF set up by the additional rotor 
currents which suddenly spring up. All tightly coupled circuits behave in this way, the classic ex- 
ample being the transformer, in which any sudden change in say the secondary current is immedi- 
ately accompanied by a corresponding change in the primary current. Organising these sudden step 
changes in the rotor currents represents both the essence and the challenge of the vector-control 
method. 

We have already said that we have to make sudden step changes in the stator currents, and 
this is achieved by providing each phase with a fast-acting closed-loop current controller. Fortu- 
nately, under transient conditions the effective inductance looking in at the stator is quite small (it 
is equal to the leakage inductance) , so it is possible to obtain very rapid changes in the stator cur- 
rents by applying high, short-duration impulsive voltages to the stator windings. In this respect 
each stator current controller closely resembles the armature current controller used in the DC 
drive. |'*! 

When a step change in torque is required, the magnitude, frequency and phase of the three 
stator currents are changed (almost) instantaneously in such a way that the frequency, magnitude 
and phase of the rotor current wave jump suddenly from one steady state to another. This change 
is done without altering the amplitude or position of the resultant rotor flux linkage relative to the 
rotor, i.e. without altering the stored energy significantly. The flux density term (B) therefore 
remains the same while the termsI, and », change instantaneously to their new steady-state values, 
corresponding to the new steady-state slip and torque. 

We can picture what happens by asking what we would see if we were able to observe the sta- 
tor MMF wave at the instant that a step increase in torque was demanded. For the sake of simplici- 
ty, we will assume that the rotor speed remains constant, in which case we would find that: 


1) The stator MMF wave suddenly increases its amplitude. 
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2) It suddenly accelerates to a new synchronous speed. 

3) It jumps forward to retain its correct relative phase with respect to the rotor flux and cur- 
rent waves. 

Thereafter the stator MMF retains its new amplitude, and rotates at its new speed. The rotor 
experiences a sudden increase in its current and torque, the new current being maintained by the 
new (higher) stator currents and slip frequency. 

We should note that both before and after the sudden changes, the motor operates in the nor- 


e 


mal fashion, as discussed earlier. The ‘vector control’ is merely the means by which we are able 
to make a sudden stepwise transition from one steady state operating condition to another, and it 
has no effect whatsoever once we have reached the steady state. 

The unique feature of the vector drive which differentiates it from the ordinary or scalar drive 
(in which only the magnitude and frequency of the stator MMF wave changes when more torque is 
required) is that by making the right sudden change to the instantaneous position of their stator 
MMF wave, the transition from one steady state to the other is achieved instantaneously , without- 
the variables hunting around before settling to their new values. In particular, the vector approach 
allows us to overcome the long electrical time-constant of the rotor cage, which is responsible for 
the inherently sluggish transient response of the induction motor. It should also be pointed out 
that, in practice, the speed of the rotor will not remain constant when the torque changes so that, 
in order to keep track of the exact position of the rotor flux wave, it will be necessary to have a 
rotor position feedback signal. 

Because the induction motor is a multi-variable non-linear system, an elaborate mathematical 
model of the motor is required, and implementation of the complex control algorithms calls for a 
large number of fast computations to be continually carried out so that the right instantaneous volt- 
ages are applied to each stator winding. This has only recently been made possible by using so- 
phisticated and powerful signal processing in the drive control. 

No industry standard approach to vector control has yet emerged, but systems fall into two 
broad categories, depending on whether or not they employ feedback from a shaft-mounted en- 
coder to track the instantaneous position of the rotor. Those that do are known as ‘ direct’ meth- 
ods, whereas those which rely entirely on a mathematical model of the motor are known as ‘ indi- 
rect’ methods. Both systems use current feedback as an integral part of each stator current control- 
lers, so at least two stator current sensors are required. ''°! Direct systems are inherently more ro- 
bust and less sensitive to changes in machine parameters, but call for a non-standard (i. e. more 
expensive) motor and encoder. 

The dynamic performance of direct vector drives is now so good that they are found in de- 
manding roles that were previously the exclusive preserve of the DC drive, such as reversing 
drives and positioning applications. The achievement of such outstandingly impressive performance 
from a motor whose inherent transient behaviour is poor represents a major milestone in the already 


impressive history of the induction motor. 
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New Words and Expressions 












































1. mercury arc KI EE HJER E IL 

2. regeneration n. Æ 22. tachometer n. EER 

3. yardstick n. RAS, WEE 23. main frequency EHK 

4. firing angle fh AFA 24. instantaneous adj. bEHIAY, BENZI 
5. laminated adj. NAW, AHA 25. from instant to instant MY Ht 2%) Zl 

6. blower n. BEAL, fa el At 26. bulky adj. KAN, (KALKAY 

7. ventilation n. XÑ AX 27. electrolytic capacitor FE fj HZ 

8. potentiometer n. HA {Lat 28. current source inverters (CSI) FE, yi Wm HY 
9. off-the-shelf Kim, iF AR aS 

10. inertia n. THRE, E 29. harmonic n. W% 

11. chunk n. HHH, KE 30. acoustic noise IJS 

12. tachogenerator n. WREE HL 31. V/f ratio EJE 

13. ambient n. JAE, EE 32. fallacy n. Bik, Bit 

14. reference signal BR's 33. pull-out 7A 

15. rated current #ilzE E 34. vector control arts iil 

16. magnitude n. WE, Ky) 35. compare unfavourably with 4H Xt45 F 
17. judicious adj. WAAAY 36. direct-on-line start HPA a 

18. mark-space fk wp E] BE 37. quasi-steady-state fE#AZS 

19. predominant adj. Afi 38. run-up HS, MEE 

20. phase-locked loop ii #H# 39. coupled circuits HRA B 





21. inverter-fed induction motor ji 4 #& HE 40. MMF wave [eis 
Notes 


[1] The generator was driven at fixed speed by an induction motor, and the field of the gen- 
erator was varied in order to vary the generated voltage. 
Be FL FH ae ERT Ha BLK oh, H 7 CR Ae HB LAS Hs, Ee EY 


[2] By altering the firing angle of the thyristors the mean value of the rectified voltage can be 





varied, thereby allowing the motor speed to be controlled. 
HBL ToL A AR ith Ac FA CR Dt HL PL, APER HEL HL PS 


[3] The voltage waveform can be considered to consist of a mean DC level (U,) , and a su- 





perimposed pulsating or ripple component. 
HEL AS BOE BY AAA a: FE PO Ea CU) JT EY Sk oy Be eB MG a AL 
BAY o 


[4] The ripple voltage causes a ripple current to flow in the armature, but because of the ar- 








mature inductance, the amplitude of the ripple current is small. 
DBC HAG | AIG EL Tt aL LAX, {ELF A ERY FETE, SOE AER, 


[5] The speed error is amplified by the speed controller ( which is more accurately described 
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as a speed-error amplifier) and the output serves as the reference or input signal to the inner con- 
trol system. 

FER VETS AG PR RR FET (SED ab J FR ERA), a hEN A A hay 
ATE AM E o 

[6] A single-switch chopper using a transistor, MOSFET or IGBT can only supply positive 
voltage and current to a DC motor, and is therefore restricted to quadrant 1 motoring operation. 

PFR Br AME A+ a A. MOSFET 2 IGBT, RfE HY E LHe HE TE BJE 
ALERT, Hm (BHH) A AEIS TT ERR 


[7] The shape of the armature voltage waveform reminds us that when the transistor is 














switched on, the battery voltage V is applied directly to the armature, and for the remainder of the 
cycle the transistor is turned off and the current freewheels through the diode. 

SFL ADRS AT AT Dat, SIT ae PP SY, HES V ERMA HAE, 
TE FPS te AST ESA, PACA A EE 


[8] The control philosophy and arrangements for a chopper-fed motor are the same as for the 











converter-fed motor, with the obvious exception that the mark-space ratio of the chopper is used to 
vary the output voltage, rather than the firing angle. 

EL Yat SY LA Dal FS A ll ER ELA Pa SR a VP TAL, RA BB) 2, 
TSI Ae, ratte ee He La AE h Z EC TTT AS eC fh FA REE A H E SY o 


[9] They can create unpleasant acoustic noise, and always give rise to additional iron and 























copper losses. 

EMA EPR A, IF Leer ih ERE AE 

[10] Turning now to what happens on load, we know that when a load is applied the rotor 
slows down, the slip increases, more current is induced in the rotor, and more torque is produced. 

DURA ARUN ATO, RIIE, TRI Pate POR, REKER, TRH 
BRAQ HL, Pare EKA AE 

[11] Established practice is for the inverter to be capable of maintaining the V/f ratio con- 
stant up to the base speed, but to accept that at all higher frequencies the voltage will be constant 
at its maximum value. 

FEAR, ZEREM AEREE F VAE LON a, TICE TO PRR A EAK 
fA ARE, 


[12] Continuous operation at peak torque will not be allowable because the motor will over- 





heat, so an upper limit will be imposed by the controller, as discussed shortly. 

EJHA DAE BES FT TERA T, BARFE, A PE ad i ae BR ae 
ERE, WPR, 

[13] Nevertheless, because the stator and rotor windings are tightly coupled via the air-gap 
field, it is possible to make more or less instantaneous changes to the induced currents in the rotor, 
by making instantaneous changes to the stator currents. 

SRT, Hae PA TERESARI, EE BIN A EE 
BA) FEL Dat ERE BG FY BRET BS IR EF AY 
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[14] In this respect each stator current controller closely resembles the armature current con- 
troller used in the DC drive. 


EXAM, BR EL ADAH ARR Td HL BL) AH, Dh dS A o 
[15] Both systems use current feedback as an integral part of each stator current controllers, 
so at least two stator current sensors are required. 


(HF) PUT ASEH E FEIT are RA SRT Be it, KE ED m Be aE FH Tat Fe 
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Chapter 8 Programmable Logic Controller Technology 


8.1 Introduction 


Programmable Logic Controller (PLC) is actually an industrial micro-controller system (in 
more recent times we meet processors instead of micro-controllers) where you have hardware and 
software specifically adapted to industrial environment. It is a device that was invented to replace 
the necessary sequential relay circuits for machine control. |! The PLC works by looking at its in- 
puts and depending upon their state, turning on/off its outputs. The user enters a program, usually 


via software or programmer that gives the desired results. 
8.1.1 Central Processing Unit 


Central Processing Unit (CPU) is the brain of a PLC controller. CPU itself is usually one of 
the micro-controllers. In the past these were 8-bit micro-controllers such as 8051, and now these 
are 16-bit and 32-bit micro-controllers. Unspoken rule is that you will find mostly Hitachi and Fu- 
jicu micro-controllers in PLC controllers by Japanese makers, Siemens in European controllers, 
and Motorola micro-controllers in American ones. °! CPU also takes care of communication, in- 
terconnection among other parts of PLC controller, program execution, memory operation, over- 
seeing input and setting up of an output. PLC controllers have complex routines for memory 
checkup in order to ensure that PLC memory is not damaged (memory checkup is done for safety 
reasons ). Generally speaking, CPU unit makes a great number of check-ups of the PLC controller 
itself so eventual errors would be discovered early. You can simply look at any PLC controller and 


see that there are several indicators in the form of light diodes for error signalization. 
8.1.2 Memory 


System memory (today mostly implemented in FLASH technology) is used by a PLC for an 
process control system. Aside from this operating system it also contains a user program translated 
from a ladder diagram to a binary form. FLASH memory contents can be changed only in case 
where user program is being changed. PLC controllers were used earlier instead of FLASH memo- 
ry and have had EPROM memory instead of FLASH memory which had to be erased with UV 
lamp and programmed on programmers. Ll With the use of FLASH technology this process is 
greatly shortened. Reprogramming a program memory is done through a serial cable in a program 
for application development. Use memory is divided into blocks having special functions. Some 
parts of a memory are used for storing input and output status. The real status of an input is stored 


either as “1” or as “0” in a specific memory bit. Each input or output has one corresponding bit 
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in memory. Other parts of memory are used to store variable contents for variables used in user 


program. For example, timer value, or counter value would be stored in this part of the memory. 
8.1.3 Programming a PLC Controller 


PLC controller can be reprogrammed through a computer (usual way), but also through 
manual programmers (consoles). This practically means that each PLC controller can be pro- 
grammed through a computer if you have the software needed for programming. Today’s transmis- 
sion computers are ideal for reprogramming a PLC controller in factory itself. This is of great im- 
portance to industry. Once the system is corrected, it is also important to read the right program 
into a PLC again. It is also good to check from time to time whether program in a PLC has not 
changed. This helps to avoid hazardous situations in factory rooms (some automakers have estab- 
lished communication networks which regularly check programs in PLC controllers to ensure exe- 
cution only of good programs). ‘*! Almost every program for programming a PLC controller pos- 
sesses various useful options such as; forced switching on and off of the system inputs/outputs 
(I/O lines) , program follow up in real time as well as documenting a diagram. This documenting 
is necessary to understand and define failures and malfunctions. Programmer can add remarks, 
names of input or output devices, and comments that can be useful when finding errors, or with 
system maintenance. Adding comments and remarks enables any technician (and not just a person 
who developed the system) to understand a ladder diagram right away. Comments and remarks 
can even quote precisely part number if replacements would be needed. This would speed up a re- 
pair of any problems that come up due to bad parts. The old way was such that a person who de- 
veloped a system had protection on the program. So nobody aside from this person could under- 
stand how it was done. Correctly documented ladder diagram allows any technician to understand 


thoroughly how system functions. 
8.1.4 Power Supply 


Electrical supply is used in bringing electrical energy to central processing unit. Most PLC 
controllers work either at 24V DC or 220V AC. On some PLC controllers you will find electrical 
supply as a separate module. Those are usually bigger PLC controllers, while small and medium 
series already contain the supply module. User has to determine how much current to take from 
I/O module to ensure that electrical supply provides appropriate amount of current. Different types 
of modules use different amounts of electrical current. This electrical supply is usually not used to 
start external inputs or outputs. User has to provide separate supplies in starting PLC controller in- 
puts or outputs because then you can ensure so called “pure” supply for the PLC controller. '*! 
With pure supply we mean supply where industrial environment can not affect it damaged. Some 
of the smaller PLC controllers supply their inputs with voltage from a small supply source already 


incorporated into a PLC. 
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8.1.5 PLC Controller Inputs 


Intelligence of an automated system depends largely on the ability of a PLC controller to read 
signals from different types of sensors and input devices. Keys, keyboards and functional switches 
are a basis for man versus machine relationship. On the other hand, in order to detect a working 
piece, view a mechanism in motion, check pressure or fluid level you need specific automatic de- 
vices such as proximity sensors, marginal switches, photoelectric sensors, level sensors, etc. '° 
Thus, input signals can be logical (on/off) or analogue. Smaller PLC controllers usually have 
only digital input lines while larger also accept analogue inputs through special units attached to 
PLC controller. One of the most frequent analogue signals is a current signal of 4 mA to 20 mA 
and mega-voltage signal generated by various sensors. Sensors are usually used as inputs for PLC. 
You can obtain sensors for different purposes. They can sense presence of some parts, measure 
temperature, pressure, or some other physical dimension, etc. (ex. inductive sensors can register 
metal objects). Other devices also can serve as inputs to PLC controller. Intelligent devices such 
as robots, video system, etc. often are capable of sending signals to PLC controller input modules 
(robot, for instance, can send a signal to PLC controller inputs as information when it has fin- 


ished moving an object from one place to the other). 


8.1.6 Input Adjustment Interface 


Adjustment interface also called an interface is placed between input lines and a CPU unit. 


The purpose of adjustment interface is to protect a 





CPU from disproportionate signals from an outside 


world. Input adjustment module turns a level of real 








logic to a level that suits CPU unit (ex. input from a aut 

sensor which works on 24V DC must be converted to 

a signal of 5V DC in order for a CPU to be able to 

process it). This is typically done through opto-iso- sis Phototransistor 
lation, and this function you can view in Fig. 8-1. Fig. 8-1 Input Adjustable Interface 


Opto-isolation means that there is no electrical con- 


” 


nection between external world and CPU unit. They are “optically” separated, or in other words, 
signal is transmitted through light. i 

The way this works is simple. External device brings a signal which turns LED on, whose 
light in turn incites photos transistor which in turn starts conducting, and a CPU sees this as logic 
zero (supply between collector and transmitter falls under 1V). When input signal stops LED di- 
ode turns off, transistor stops conducting , collector voltage increases, and CPU receives logic 1 as 


information. 
8.1.7 PLC Controller Output 


Automated system is incomplete if it is not connected with some output devices. Some of the 
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most frequently used devices are motors, solenoids, relays, indicators, sound signalization and 
similar. By starting a motor, or a relay, PLC can manage or control a simple system such as sys- 
tem for sorting products all the way up to complex systems such as service system for positioning 
head of CNC machine. Output can be of analogue or digital type. Digital output signal works as a 
switch and it connects and disconnects line. Analogue output is used to generate the analogue sig- 


nal (ex. motor whose speed is controlled by a voltage that corresponds to a desired speed). 


8.1.8 Output Adjustment Interface 


Output interface is similar to input interface, as 
shown in Fig. 8-2. CPU brings a signal to LED diode 


and turns it on. Light incites a photo transistor which 





begins to conduct electricity , and thus the voltage be- GPU 





tween collector and emitter falls to 0. 7V, and a de- 





vice attached to this output sees this as a logic zero. 
LED 


Photo transistor 


Fig. 8-2 Output Adjustable Interface 


Inversely it means that a signal at the output ex- 
ists and is interpreted as logic one. Photo transistor is 
not directly connected to a PLC controller output. Between photo transistor and an output usually 


there is a relay or a stronger transistor capable of interrupting stronger signals. 


8.1.9 Extension Lines 


Every PLC controller has a limited number of input/output lines. If needed this number can 
be increased through certain additional modules by system extension through extension lines. Each 
module can contain extension both of input and output lines. Also, extension modules can have 
inputs and outputs of a different nature from those on the PLC controller (ex. in case relay outputs 


are on a controller, transistor outputs can be on an extension module). 


8.2 PLC Operation Process 


A PLC works by continually scanning a program. We can think of this scan cycle as consis- 


ting of three important steps, as shown in Fig. 8-3. There 














are typically more than three but we can focus on the im- | 
portant parts and not worry about the others. Typically Check input status 
the others are checking the system and updating the cur- S O 
rent internal counter and timer values. Execute program 
Step 1—Check Input Status o oo i; 
First the PLC takes a look at each input to determine Update output status 
if it is on or off. In other words, is the sensor connected | 








to the first input on? How about the second input? How 
about the third? It records this data into its memory to be Fig. 8-3 The Work Process of a PLC 
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used during the next step. 

Step 2—Execute Program 

Next the PLC executes your program on instruction at a time. Maybe your program said that 
if the first input was on then it should turn on the first output. Since it already knows which inputs 
are on/off from the previous step, it will be able to decide whether the first output should be 


t. [5] It will store the execution results for use later dur- 


turned on based on the state of the first inpu 
ing the next step. 

Step 3—Update Output Status 

Finally the PLC updates the status of the outputs. It updates the outputs based on which inputs 
were on during the first step and the results of executing your program during the second step. 
Based on the example in Step 2 it would now turn on the first output because the first input was on 
and your program said to turn on the first output when this condition is true. °! After the Step 3 
the PLC goes back to Step 1 and repeats the steps continuously. One scan time is defined as the 
time it takes to execute the 3 steps listed above. Thus a practical system is controlled to perform 
specified operations as desired. 

Since technology for motion control of electric drives became available, the use of program- 
mable logic controllers (PLCs) with power electronics in electric machines applications has been 


introduced in the manufacturing automation. |! 


This use offers advantages such as lower voltage 
drop when turned on and the ability to control motors and other equipment with a virtually unity 
power factor. Many factories use PLCs in automation processes to diminish production cost and to 
increase quality and reliability. Other applications include machine tools with improved precision 
computerized numerical control (CNC) due to the use of PLCs. To obtain accurate industrial elec- 
tric drive systems, it is necessary to use PLCs interfaced with power converters, personal comput- 
ers, and other electric equipment. Nevertheless, this makes the equipment more sophisticated, 


complex, and expensive. 


8.3 PLC Maintenance Management 


What is a PLC? How many PLCs is your bottom line depending on? Do you have an up to 
date list of all PLC model types, part availability, program copies, and details for your company? 

Do you have at least one trained person per shift, to maintain and troubleshoot your plant 
PLCs? Does your maintenance personnel work with PLCs following written company or corporate 
policy, and procedures? 

If you could not answer with confidence or you answered ‘No’ to any of the above ques- 
tions, you need to read this section on maintenance management of PLCs. Why? Because the 
PLCs are the brains of your operation. When the PLC is not functioning properly, lines shut 
down, plants shutdown, even city bridges and water stations could cease to operate. Thousands to 
millions could be lost by one little PLC in an electrical panel that you never even knew existed. 


But most importantly, damage to machine and personnel could result from improper maintenance 
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management of your company’s PLCs. |1! 


8.3.1 What Is A PLC 


First, What a PLC is? As this section is not just for the maintenance technician, but for main- 
tenance managers, plant managers and corporate managers. A PLC is the type of computer that 
controls most machines today. The PLC is used to control and to troubleshoot the machine. The 
PLC is the brain of the machine. Without it, the machine is dead. The maintenance technicians 
we train are the brain surgeons. 

Important Note: Just as a doctor asks the patient questions to figure out what is wrong, a ma- 


l2] The maintenance 


intenance technician asks the PLC questions to troubleshoot the machine. 
technician uses a laptop computer to see what conditions have to be met in order for the PLC to 
cause an action to occur (like turn a motor on). In a reliable maintenance management environ- 
ment, the maintenance technician will be using the PLC as a troubleshooting tool to reduce down- 
time. 

A little more detailed definition of a PLC: A programmable controller is a small industrial 
strength computer used to control real world actions, based on its program and real world sensors. 
The PLC replaces thousands of relays that were in older electrical panels, and allows the mainte- 
nance technician to change the way a machine works without having to do any wiring. The pro- 
gram is typically in ladder logic, which is similar to the wiring schematics maintenance electricians 
are already accustomed to working with. Inputs to a PLC can be switches, sensors, bar codes, 
machine operator data, etc. Outputs from the PLC can be motors, air solenoids, indicator lights, 


etc. 
8.3.2 How Many PLCs Is Your Bottom Line Depending on 


It is common to only learn about a PLC once the machine is down and the clock is ticking at 


a thousand dollars an hour, or more. [13] 


Unfortunately , it is also common that after the fire is out, 
it is on to the next fire, without fully learning what can be done to avoid these costly downtime in 
the future, and in other similar machines in a company or corporation. 

Some older electrical panels may only have relays in them, but most machines are controlled 
by a PLC. A bottleneck machine in your facility may have a PLC. Most plant air compressors 
have a PLC. How much would it cost if the bottleneck or plant air shut down a line, a section of 


your facility, or even the entire plant? 
8.3.3 Do You Have an Up to Date List of All PLC for Your Company 


The first step to take is to perform a PLC audit. Open every electrical panel, and write down 
the PLC brand, model, and other pertinent information. Then go the next two steps. Analyze the 
audit information and risk, then act on that analysis. 

Once you have collected the basic information in your plant wide and/or corporate audit, you 


need to analyze the information to develop an action plan based on risk analysis. In the risk analy- 
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sis, bottlenecks and other factors will help you assess priorities. Starting with the highest priority 
PLC, you will need to ask more important questions. 

1) Do we have the most common spares for the PLC? 

2) Is the OEM ( Original Equipment Manufacturer) available? Or even in business any 
more? 

3) Do we have a back up copy of the PLC program? 

4) Does our program copy have descriptions so we can work with it reliably and efficiently? 

5) Do we have the software needed to view the PLC program? Are our maintenance person- 
nel trained on that PLC brand? 

These are some of the questions our managers must ask, to avoid unnecessary risk and to in- 


sure reliability. 


8.3.4 Do You Have Trained Person Per Shift to Maintain and Troubleshoot 
Your Plant PLCs 


Is your maintenance staff trained on the PLC? (Silly to squander over a couple thousand in 
maintenance training when the lack of PLC knowledge could cost you 10 thousand an hour... or 
worse. ) There are a couple good reasons why you should have at least one trained person per 
shift, to work reliably with PLCs. You do not want to see greater downtime on off shifts because 
the knowledge base is on day shift only. Also with all the baby boomers (our core knowledge 
base in the industry) about to retire, it is not smart management to place all your eggs in one bas- 
ket. '“! Then the question should be asked, what should we look for in training? You should seek 
training with two primary objectives. 

1) Firstly, the training you decide on, should stress working with PLCs in a Safe and Relia- 
ble way (not just textbook knowledge or self-learned knowledge) . 

2) Secondly, the training should be actually centered around the PLC products you are using 
or plan to use in your facility. 

Some other good ideas to get more out of your PLC training investment would be to get hands 
on training using the actual PLC programs and software the maintenance technician will be work- 


ing with in the facility. ''! 


Insure your personnel have the software, equipment and encouragement 
to continue with self-education. PLC Training CBT (Computer Based Training) CDs are a great 
way for employees to follow up 6 months after the initial training. Some other ideas you could do 


is to provide them with simulation software and/or a spare PLC off the shelf to practice with. 


8.4 The Application Future of PLC 


During the three decades following their introduction, PLCs have evolved to incorporate ana- 


16 p 
L16] However , engineers 


log I/O, communication over networks, and new programming standards. 
create 80 percent of industrial applications with digital I/O, a few analog I/O points, and simple 


programming techniques. Experts ARC, Venture Development Corporation and the online PLC 
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training source PLCS. net estimate that: 77% of PLCs are used in small applications (less than 
128 I/O) ; 72% of PLC I/O is digital; 80% of PLC application challenges are solved with a set 
of 20 ladder-logic instructions. 

Because 80 percent of industrial applications are solved with traditional tools, there is strong 
demand for simple low-cost PLCs. This has spurred the growth of low-cost micro PLCs with digit- 
al I/O that use ladder logic. It has also created a discontinuity in controller technology, where 80 
percent of applications require simple, low cost controllers and 20 percent relentlessly push the ca- 
pabilities of traditional control systems. The applications that fall within the 20 percent are built by 
engineers who require higher loop rates, advanced control algorithms, more analogy capabilities , 
and better integration with the enterprise network. |'7' 

In the 1980s and1990s, these “20 percenters” evaluated PCs for industrial control. The PC 
provided the software capabilities to perform advanced tasks, offered a graphical rich programming 
and user environment, and utilized COTS components allowing control engineers to take advantage 
of technologies developed for other applications. These technologies include floating point proces- 
sors; high speed I/O buses, such as PCI and Ethernet; non-volatile data storage; and graphical 
development software tools. The PC also provided unparalleled flexibility, highly productive soft- 
ware, and advanced low-cost hardware. 

However PCs were still not ideal for control applications. Although many engineers used the 
PC when incorporating functionality, such as analogy control and simulation, database connectivi- 
ty, web based functionality , and communication with third party devices, the PLC still ruled the 
control realm. The main problem with PC-based control was that standard PCs were not designed 
for rugged environments. The PC presented three main challenges. Often, the PCs general-pur- 
pose operating system was not stable enough for control. PC-controlled installations were forced to 
handle system crashes and unplanned rebooting. With rotating magnetic hard drives and non-hard- 
ened components, such as power supplies, PCs were more prone to failure. Plant operators need 
the ability to override a system for maintenance or troubleshooting. Using ladder logic, they can 
manually force a coil to a desired state, and quickly patch the affected code to quickly override a 
system. However, PC systems require operators learn new, more advanced tools. 

Although some engineers use special industrial computers with rugged hard ware and special 
operating systems, most engineers avoided PCs for control because of problems with PC reliability. 
In addition, the devices used within a PC for different automation tasks, such as I/O, communica- 
tions or motion, may have different development environments. So the “20 percenters” either lived 
without functionality not easily accomplished with a PLC or cobbled together a system that included 
a PLC for the control portion of the code and a PC for the more advanced functionality. |'*! 

This is the reason many factory floors today have PLCs used in conjunction with PCs for data 
logging , connecting to bar code scanners, inserting information into databases, and publishing da- 
ta to the Web. The big problem with this type of setup is that these systems are often difficult to 
construct, troubleshoot and maintain. The system engineer often is left with the unenviable task of 


incorporating hardware and software from multiple vendors, which poses a challenge because the 
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equipment is not designed to work together. 
With no clear PC or PLC solution, engineers with complex applications worked closely with 


control vendors to develop new products. |" 


They requested the ability to combine the advanced 
software capabilities of the PC with the reliability of the PLC. These lead users helped guide prod- 
uct development for PLC and PC-based control companies. 

The software capabilities required not only advanced software, but also an increase in the 
hardware capabilities of the controllers. With the decline in world-wide demand for PC compo- 
nents, many semiconductor vendors began to redesign their products for industrial applications. 
Control vendors today are incorporating industrial versions of floating point processors, DRAM, 
solid-state storage devices such as Compact Flash, and fast Ethernet chipsets into industrial control 
products. This enables vendors to develop more powerful software with the flexibility and usability 
of PC-based control systems that can run on real-time operating systems for reliability. L201 

The resulting new controllers, designed to address the “20 percent” applications, combine 
the best PLC features with the best PC features. Industry analysts at ARC named these devices 
programmable automation controllers, or PACs. In their “ Programmable Logic Controllers World- 
wide Outlook” study, ARC identified five main PAC characteristics. These criteria characterize 


the functionality of the controller by defining the software capabilities. 


New Words and Expressions 











1. relay n. ARF 4 21. motor n. SZIL, Bik 

2. circuit n. HEj% 22. solenoid n. ERER] 

3. ladder diagram JÉ KI 23. scan cycle fH Jal] 

4. CPU PRAEG 24. maintenance n. È, EFF, FE 
5. bit n. PE 25. procedure n. F, #298, ME 
6. memory n. AFF 26. troubleshoot v. tilat 

7. diode n. ZWE 27. laptop n. EISIEN. 

8. cable n. EHk, HAAR 28. sensor n. EIRIS 

9. timer n. ITAS 29. bar code n. ÉI 

10. counter n. FÄUH* 30. bottleneck n. HRA v. [E HME 
11. console n. lg 31. network node P2447 4 

12. voltage n. HJE 32. model number #45 

13. sensor n. (ERAY 33. spare adj. WHR n. KAF 

14. analogue n. IRW, 210 34. back up K 

15. digital adj. & n. BF (HY) 35. reliability n. Fy Se PE 

16. pressure n. EJ 36. downtime n. ACE ALIN Tal 

17. robot n. HLEA, PLF 37. criteria n. RYE 

18. level n. KÆ, BÆ 38. simulation software (Ù BAKE 

19. opto-isolation J6% 39. floppy disk $ø 





20. transistor n. mIRE 40. filter n. WhYEAS, VEX 


Chapter 8 Programmable Logic Controller Technology 99 


Notes 


[1] It is a device that was invented to replace the necessary sequential relay circuits for ma- 
chine control. 

CEN PARK EL AEE F il OT A is PY 20 FE te FEB TTT AC PA AUR EE o 

[2] Unspoken rule is that you will find mostly Hitachi and Fujicu micro-controllers in PLC 
controllers by Japanese makers, Siemens in European controllers, and Motorola micro-controllers 
in American ones. 

TZARE, HAER EE H E EAE, E E 
PF Pet aie, SE E E Ra EH EE PE AN o 

[3] PLC controllers were used earlier instead of FLASH memory and have had EPROM 


memory instead of FLASH memory which had to be erased with UV lamp and programmed on 








programmers. 

EHW PLC RREN, H EPROM WERE WNE, CUD ShA Am 
fit P HIRET HEITIR KR. 

[4] This helps to avoid hazardous situations in factory rooms ( some automakers have estab- 
lished communication networks which regularly check programs in PLC controllers to ensure exe- 
cution only of good programs). 

KAHFI 41H) AE CE fel to (HE HIE Ae 2, aA 
ial PLC ei) air EAE Ee ARTIE EME) o 


[5] User has to provide separate supplies in starting PLC controller inputs or outputs because 











then you can ensure so called “pure” supply for the PLC controller. 
FP fea oh PLC fe i aie fi A NC f h od 2 He BE oh A EDR, PA EER aT DT PR 2 
PLC Pedi arte teria hy “aing” FADE, 


[6] On the other hand, in order to detect a working piece, view a mechanism in motion, 








check pressure or fluid level you need specific automatic devices such as proximity sensors, mar- 
ginal switches, photoelectric sensors, level sensors, etc. 

Fi Tih, A TW — AEE, WL — ils oh, a Ba ie BORE AY A 
BC KEM, MEERA, MAAR, BERIE, WARRE 

[7] They are “ optically” separated, or in other words, signal is transmitted through 
light. 

Ella “36” DA, RERIK, A Sid TRE. 


[8] Since it already knows which inputs are on/off from the previous step, it will be able to 











decide whether the first output should be turned on based on the state of the first input. 
AA ER meee, CAAMA A mde, ABA, ETEA A m A 
S, TURES Mi h FE PN, o 


[9] Based on the example in Step 2 it would now turn on the first output because the first in- 








put was on and your program said to turn on the first output when this condition is true. 


EPEAT, ASR A A, TM LRP BOR, MRAN, BA 
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MEKAR, A, SID A BIEN 5B fh o 

[10] Since technology for motion control of electric drives became available, the use of pro- 
grammable logic controllers (PLCs) with power electronics in electric machines applications has 
been introduced in the manufacturing automation. 

FH AR IS PE HI BOR AIO, BS TE tlle ll Fe Pg HE HE LA HP 
E J ETH Shp FP Te HA BSA 

[11] But most importantly, damage to machine and personnel could result from improper 
maintenance management of your company’s PLCs. 

EREHE, RAFA PLC AEP EBA a AEE LAD ALA A o 


[12] Just as a doctor asks the patient questions to figure out what is wrong, a maintenance 





technician asks the PLC questions to troubleshoot the machine. 
TE AN BEAE AA ATA, MER eT A IE, ARBOR RRA PLC 8th E 
PR HDL FE TE BS [al el, 


[13] It is common to only learn about a PLC once the machine is down and the clock is tick- 








ing at a thousand dollars an hour, or more. 
WL, RAM PLC MMA SAE, ABR ABDI TXL, RAER, 


[14] Also with all the baby boomers (our core knowledge base in the industry ) about to re- 








tire, it is not smart management to place all your eggs in one basket. 
lI, BEATA Se DEBORA NIB IK, RHA, FEA AS SBE ME 
FEN TSA IPAS He BT 


[15] Some other good ideas to get more out of your PLC training investment would be to get 








hands on training using the actual PLC programs and software the maintenance technician will be 
working with in the facility. 

FAY PLC Hen Be A th — Bee AYE DUE ILA SE Bax BY PLC Bee ATS PG Be fae FB) 
DAR SLAF ARETE TT EU 


[16] During the three decades following their introduction, PLCs have evolved to incorpo- 








rate analog I/O, communication over networks, and new programming standards. 
EF EJH 30 FE, PLC BAÉ TERM IO WER, PA fa AT YE bn HE. 
[17] The applications that fall within the 20 percent are built by engineers who require high- 








er loop rates, advanced control algorithms, more analogy capabilities, and better integration with 
the enterprise network. 

DHE Ny FA EH 20% FY TEIN SE BAY, CHET BRUNE Oe EMERE, eS a SS 
E, RMA aR, WAC RI EAS AE EU, 

[18] So the “20 percenters” either lived without functionality not easily accomplished with 
a PLC or cobbled together a system that included a PLC for the control portion of the code and a 
PC for the more advanced functionality. 

PALI 20% FA—T SURE LERS PLC, sha Fl —S PLC PEA AS Pe till Bot A — Fe 
BE SEDEDI HE NY PC FE MAY ALR ARCA Hy SLY) 


[19] With no clear PC or PLC solution, engineers with complex applications worked close- 
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ly with control vendors to develop new products. 
BEAL PC Bk PLC iB FE ARR TT ZS, MASEL ASAT TES TREIN AE EB 2A PK AB 
HEFEI AIP m o 


[20] This enables vendors to develop more powerful software with the flexibility and usabili- 








ty of PC-based control systems that can run on real-time operating systems for reliability. 
HEIEN EFT A HSE PC PERR PEAS FA HE BE OR AE, I ELA FT ESE 
EPERE R St P AL A SPE BOR, 





Chapter 9 Single Chip Microcomputer 
Control Technology 


9.1 Foundation 


The single-chip microcomputer is the culmination of both the development of the digital computer 
and the integrated circuit, arguably the two most significant inventions of the 20th century. |" 

These two types of architecture are found in single-chip microcomputers. Some employ the 
split program/data memory of the Harvard architecture, shown in Fig. 9-1, others follow the phi- 
losophy , widely adopted for general-purpose computers and microprocessors, of making no logical 


distinction between program and data memory as in the Princeton architecture, shown in Fig. 9-2. 




















Program 
memory CPU 
Data Input & 
PERAN, ae bt 
Fig. 9-1 A Harvard Type Fig. 9-2 A Conventional Princeton Computer 


In general terms a single-chip microcomputer is characterized by the incorporation of all the 


units of a computer into a single device, as shown in Fig. 9-3. 
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Fig. 9-3 Principal Features of a Microcomputer 


9.1.1 Read Only Memory-ROM 


ROM is usually for the permanent, non-volatile storage of an applications program. Many 
microcomputers and micro controllers are intended for high-volume applications and hence the eco- 


nomical manufacture of the devices requires that the contents of the program memory be committed 
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permanently during the manufacture of the chips. Clearly, this implies a rigorous approach to 
ROM code development since changes cannot be made after manufacture. This development 
process may involve emulation using a sophisticated development system with a hardware emula- 
tion capability as well as the use of powerful software tools. 

Some manufacturers provide additional ROM options by including in their range devices with 
(or intended for use with) user programmable memory. The simplest of these is usually a device 
which can operate in a microprocessor mode by using some of the input/output lines as an address 
and data bus for accessing external memory. This type of device can behave functionally as the 
single-chip microcomputer from which it is derived albeit with restricted I/O and a modified exter- 
nal circuit. The use of these ROMless devices is common even in production circuits where the 
volume does not justify the development costs of custom on-chip ROM. *! There is a significant 
saving in I/O and other chips compared to a conventional microprocessor based circuit. More ex- 
act replacements for ROM devices can be obtained in the form of variants with ‘ piggy-back’ 
EPROM (Erasable Programmable ROM) sockets or devices with EPROM instead of ROM. [3] 
These devices are naturally more expensive than the equivalent ROM device, but do provide com- 
plete circuit equivalents. EPROM based devices are also extremely attractive for low-volume appli- 
cations where they provide the advantages of a single-chip device, in terms of on-chip I/O, etc. , 


with the convenience of flexible user programmability. 
9.1.2 Random Access Memory-RAM 


RAM is for the storage of working variables and data used during program execution. The 
size of this memory varies with device type but it has the same characteristic width (4, 8, 16 
bits, etc. ) as the processor. Special function registers, such as a stack pointer or timer register 
are often logically incorporated into the RAM area. [4] Tt is also common in Harvard type micro- 
computers to treat the RAM area as a collection of registers; it is unnecessary to make a distinction 
between RAM and processor register as is done in the case of a microprocessor system since RAM 


and registers are not usually physically separated in a microcomputer. 
9.1.3 Central Processing Unit 


The CPU is much like that of any microprocessor. Many applications of microcomputers and 
single-chip microcomputers involve the handling of binary-coded decimal (BCD) data (for nu- 
merical displays, for example) , hence it is common to find that the CPU is well adapted to han- 
dling this type of data. It is also common to find good facilities for testing, setting and resetting 
individual bits of memory or I/O since many controller applications involve the turning on and off 
of single output lines or the reading of a single line. These lines are readily interfaced to two-state 


devices such as switches, thermostats, solid-state relays, valves, motors, etc. 
9.1.4 Parallel Input/Output 


Parallel input and output schemes vary somewhat in different microcomputers; in most a 
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mechanism is provided to at least allow some flexibility of choosing which pins are outputs and 
which are inputs. This may apply to all or some of the ports. Some I/O lines are suitable for di- 
rect interfacing to, for example, fluorescent displays, or can provide sufficient current to make in- 
terfacing to other components straightforward. Some devices allow an I/O port to be configured as 
a system bus to allow off-chip memory and I/O expansion. This facility is potentially useful as a 
product range develops, since successive enhancements may become too big for on-chip memory 


and it is undesirable not to build on the existing software base. 
9.1.5 Serial Input/Output 


Serial communication with terminal devices is a common means of providing a link using a 
small number of lines. This sort of communication can also be exploited for interfacing special 
function chips or linking several microcomputers together. Both the common asynchronous and 
synchronous communication schemes require protocols that provide framing (start and stop) infor- 
mation. This can be implemented as a hardware facility or U (S) ART [ Universal ( synchro- 
nous) asynchronous receiver/transmitter ] relieving the processor (and the applications program- 
mer) of this low-level, time-consuming, detail. It is merely necessary to select a baud-rate and 
possibly other options (number of stop bits, parity, etc. ) and load (or read from) the serial 
transmitter (receiver) buffer. °! Serialization of the data in the appropriate format is then handled 


by the hardware circuit. 
9.1.6 Timer/Counter Facilities 


Many applications of single-chip microcomputers require accurate evaluation of elapsed real 
time. This can be determined by careful assessment of the execution time of each branch in a pro- 
gram but this rapidly becomes inefficient for all but the simplest programs. The preferred approach 
is to use a timer circuit that can independently count precise time increments and generate an inter- 
rupt after a preset time has elapsed. This type of timer is usually arranged to be preloadable with 
the required count. The timer then decrements this value producing an interrupt or setting a flag 
when the counter reaches zero. Better timers then have the ability to automatically reload the initial 
count value. This relieves the programmer of the responsibility of reloading the counter and assess- 
ing the elapsed time before the timer is restarted, which otherwise would be necessary if continu- 
ous precisely timed interrupts were required (as in a clock, for example). '° Sometimes associated 
with a timer is an event counter. With this facility there is usually a special input pin, that can 


drive the counter directly. 
9.1.7 Timing Components 


The clock circuitry of most microcomputers requires only simple timing components. If maxi- 
mum performance is required, a crystal must be used to ensure the maximum clock frequency is 
approached but not exceeded. Many clock circuits also work with a resistor and capacitor as low- 


cost timing components or can be driven from an external source. This latter arrangement is useful 
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if external synchronization of the microcomputer is required. 


9.2 A Single-Chip Microcomputer Integrated Circuit 


A single-chip microcomputer integrated circuit comprises a processor core which exchanges 
data with at least one data processing and/or storage device. The integrated circuit comprises a 
mask-programmed read only memory containing a generic program such as a test program which 
can be executed by single-chip microcomputer. The generic program includes a basic function for 
writing data into the data processing and/or storage device or devices. The write function is used 
to load a downloading program. Because a downloading program is not permanently stored in the 
read only memory, the single-chip microcomputer can be tested independently of the application 
program, and remains standard with regard to the type of memory component with which it can be 
used in a system. |” 

To be more precise, the invention concerns a single-chip microcomputer integrated circuit. A 
single-chip microcomputer is usually a VLSI ( Very Large Scale Integration) integrated circuit 
containing all or most of the components of a “computer” . Its function is not predefined but de- 
pends on the program that it executes. |*’ 

A single-chip microcomputer necessarily comprises a processor core including a command se- 
quencer (which is a device distributing various control signals to the other componentsaccording to 
the instructions of a program) , an arithmetic and logic unit ( for processing the data) and registers 
( which are specialized memory units). 

The other components of the “computer” can be either internal or external to the single-chip 
microcomputer, however. [°] In other words, the other components are integrated into either the 
single-chip microcomputer or auxiliary circuits. 

These other components of the “computer” are data processing and/or storage devices, for 
example, read only or random access memory containing the program to be executed, clocks and 
interfaces (serial or parallel). 

As a general rule, a system based on a single-chip microcomputer therefore comprises a mi- 
crochip containing the single-chip microcomputer, and a plurality of microchips containing the ex- 
ternal data processing and/or storage devices which are not integrated into the single-chip micro- 
computer. A single-chip microcomputer-based system of this kind comprises, for example, one or 
more printed circuit boards on which the single-chip microcomputer and the other components are 
mounted. 

It is the application program, i. e. the program which is executed by the single-chip micro- 
computer, which determines the overall operation of the single-chip microcomputer system. Each 
application program is therefore specific to a separate application. 

In most current applications the application program is too large to be held in the single-chip 
microcomputer and is therefore stored in a memory external to the single-chip microcomputer. 49] 


This program memory, which has only to be read, not written, is generally a reprogrammable 
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read only memory (REPROM). 

After the application program has been programmed in memory and then started in order to be 
executed by the single-chip microcomputer, the single-chip microcomputer system may not func- 
tion as expected. 

In the least unfavorable situation this is a minor dysfunction of the system and the single-chip 
microcomputer is still able to dialog with a test station via a serial or parallel interface. This test 
station is then able to determine the nature of the problem and indicate precisely the type of correc- 
tion (software and/or physical) to be applied to the system for it to operate correctly. 

Unfortunately , most dysfunctions of a single-chip microcomputer-based system result in a to- 
tal system lock-up, preventing any dialog with a test station. It is then impossible to determine the 
type of fault, i.e. whether it is a physical fault (in the single-chip microcomputer itself, in an ex- 
ternal read only memory, in a peripheral device, on a bus, etc. ) or a software fault (i. e. an er- 


‘''] The troubleshooting technique usually employed in these cases 


ror in the application program) . 
of total lock-up is based on the use of sophisticated test devices requiring the application of probes 
to the pins of the various integrated circuits of the single-chip microcomputer-based system under 
test. 

There are various problems associated with the use of such test devices for troubleshooting a 
single-chip microcomputer-based system. The probes used in these test devices are very fragile, 
difficult to apply because of the small size of the circuit and their close packing, and may not 
make good contact with the circuit. |!’ 

Also, because of their high cost, these test devices are not mass produced. Consequently , 
faulty microcontroller-based systems cannot be repaired immediately, wherever they happen to be 
located at the time, but must first be returned to a place where a test device is available. Trouble- 
shooting a single-chip microcomputer-based system in this way is time-consuming, irksome and 
costly. 

To avoid the need for direct action on the single-chip microcomputer-based system each time 
the application program executed by the single-chip microcomputer of the system is changed, it is 
standard practice to use a downloadable read only memory to store the application program, a 
loading program being written into a mask-programmed read only memory of the single-chip mi- 
crocomputer. The mask-programmed read only memory of the single-chip microcomputer is inte- 
grated into the read only memory of the single-chip microcomputer and programmed once and for 
all during manufacture of the single-chip microcomputer. ped 

To change the application program the read only memory of the single-chip microcomputer is 
reset by running the downloading program. This downloading program can then communicate with 
a workstation connected to the read only memory of the single-chip microcomputer by an appropri- 
ate transmission line, this workstation containing the new application program to be written into 
the single-chip microcomputer. The downloading program receives the new application program 
and loads it into a read only memory external to the single-chip microcomputer. ae 


Although this solution avoids the need for direct action on the single-chip microcomputer- 
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based system ( which would entail removing from the system the reprogrammable read only memo- 
ries containing the application program, writing into these memories the new application program 
using an appropriate programming device and then replacing them in the system) , it nevertheless 
has a major drawback, namely specialization of the single-chip microcomputer during manufac- 
ture. 

Each type of reprogrammable memory is associated with a different downloading program be- 
cause the programming parameters ( voltage to be applied, duration for which the voltage is to be 
applied, etc. ) vary with the technology employed. The downloading program is written once for 
all into the mask-programmed internal memory of the single-chip microcomputer and the latter is 
therefore restricted to using memory components of the type for which this downloading program 
was written. In other words, the single-chip microcomputer is not a standard component and this 
increases its cost of manufacture. 

One object of the invention is to overcome these various drawbacks of the prior art. To be 
more precise, an object of the invention is to provide a single-chip microcomputer circuit which 
can verify quickly, simply, reliably and at low cost the operation of a system based on the single- 
chip microcomputer. 

Another object of the invention is to provide a single-chip microcomputer integrated circuit 
which can accurately locate the defective component or components of a system using the single- 
chip microcomputer in the event of dysfunction of the system. |" 

A further object of the invention is to provide a single-chip microcomputer integrated circuit 
which avoids the need for direct action on the single-chip microcomputer-based system to change 
the application program, whilst remaining standard as regards the type of memory component with 


which it can be used in a system. 


9.3 Digital Signal Processors 


A Digital Signal Processor is a super-fast chip computer, which has been optimized for the 
detection, processing and generation of real world signals such as voice, video, music, etc, in re- 
al time. |'°! 

It is usually implemented in a single chip, or nowadays just of an IC, about 0.5 cm’ to 4 
cm’, costing between $ 3 and $ 300 and residing in every mobile phone, MP3 player, comput- 
er and most cars on our planet. 

In contrast, a microprocessor (a term with which we are all probably familiar) is traditional- 
ly a much less powerful computer that performs the mundane “behind the scenes” tasks, often 
controlling other devices—e. g. , keyboard entry, central heating, washing machine cycles, 
etc. Having said this, a Pentium Il chip normally be classed as a microprocessor rather than a 
DSP, yet, running at speeds in excess of 1 GHz, this can hardly be described as “much less pow- 
erful” . 


Today there is in fact a blurring between the roles of microprocessor and digital signal proces- 
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sor—perhaps synergy is a better word. |!” 

Many so-called DSPs now have micro-processor, functionality on board. Many so-called mi- 
cros now have DSP functionality on board. Distinguishing between DSP and micro by application 
is perhaps not the best way forward after all. In fact, the main difference lies deep inside the de- 
vices themselves, in the internal chip architecture, with DSP devices particularly optimized for 
high-speed, high-accuracy multiplication. 

To “digital signal process” is to manipulate signals that have either originated in, or are to be 
exported to, the real world, where those signals are represented as digits (numbers). This means 
that an integral part of DSP applications is the conversion of the real world signals-analog voice, 
music, video, engine speed, ground vibration—to numerical values for processing by the DSP—a 
process termed analog to digital conversion. Going in the other direction—the conversion of nu- 
merical values generated within the DSP to real world signal—a process termed digital to analog 
conversion is also involved. 

Fundamental to DSP is the fact that any real world signal, e. g. music, can be accurately re- 
presented by samples of the signal taken at periodic intervals. These samples can then be converted 
into numbers and these numbers are expressed in binary form. We are now in the world of compu- 
ting and software where manipulation of binary numbers is bread and butter stuff. |'*! 

If we simply scale all of the numbers representing our samples by an equal amount, and then 
convert the numbers back to voltage samples to drive our headphones or speakers, we have imple- 
mented a DSP volume control. If on the other hand, we scale the numbers by a different amount 
each second, we have the beginnings of a simple audio FX processor. 

In DSP terms, these are very simple tasks, and do not even begin to harness the processing 
power available. An example of a more challenging application is a graphic equalizer. Essentially 
this allows you to change the volume to components of the music source depending on their fre- 


L9] To implement a graphic equalizer requires the separation of the signal into frequency 


quency. 
bands using filters, scaling each filtered segment independently, and then adding the segments 
back together for sending to the output. 

Digital filtering is child’s play for a DSP, but actually involves a lot of computation. Consec- 
utive samples must be stored, each scaled independently and then summed to perform even the 


most simple of filter functions. fee 


However, the DSP and its instruction set are optimized for tasks 
such as this (hence the distinction between a DSP and a microprocessor) , and this function can 


indeed be implemented using just three lines of code on most DSP devices. 
New Words and Expressions 


commit v. (RE 

. emulation n. 54 

albeit conj. ŒA 

. incorporation n. AF, HE . custom adj. REWI 

. volatile adj. JZK 10. variant adj. Al, HHI 


. culmination n. TS, WA 
. split adj. 472M) 
. philosophy n. E, EW 
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Chapter 9 Single Chip Microcomputer Control Technology 109 




















11. piggy-back adj. FARK 23. auxiliary adj. HBA 

12. erasable adj. PIIRI 24. drawback n. RA, IETS 

13. socket n. iE 25. dysfunction n. BABAR, ‘BAERS 
14. thermostat n. SHIGE 26. interface n. %0, WE, HERE 

15. protocol n. HPX 27. irksome adj. SARAI, SAHRA 
16. time-consuming #€IN FY 28. namely adv. Bl, AKIA 

17. baud n. YAR 29. peripheral adj. KZH, SPEIR n. Jb 
18. elapse v. Axt Ehz 

19. evaluation n. fibt 30. sequencer n. EFE, YA 

20. preset adj. FAV AI 31. specialization n. Ffae, Tk 

21. preloadable adj. fil@kAy 32. troubleshooting n. HX REIT 


22. decrement n. WED Œ 
Notes 


[1] The single-chip microcomputer is the culmination of both the development of the digital 
computer and the integrated circuit, arguably the two most significant inventions of the 20th century. 

EPL IL Je OC PL A HB FRE PS TTT ST E SY Wb 
20 THhZc PU EA AY ACH 


[2] The use of these ROMless devices is common even in production circuits where the vol- 





ume does not justify the development costs of custom on-chip ROM. 

REJ ROM 5c 46 FY Di FD BY (i EE PE LY, A AS AE  Z th 
fy AY ROM AFF AE 

[3] More exact replacements for ROM devices can be obtained in the form of variants with 
“piggy-back’ EPROM (Erasable Programmable ROM) sockets or devices with EPROM instead 
of ROM. 

ROM 13 8 SE HH SPEAR AT LA aa et AS Te I SK A SL EPROM (HIRE Si fe ROM) 
ffi EB H EPROM RÈ ROM BY MAA. 


[4] Special function registers, such as a stack pointer or timer register are often logically in- 

















corporated into the RAM area. 
RR DD AE AF TEA, Wes ac E Ap AP aa PE Fl] RAM KIR, 


[5] It is merely necessary to select a baud-rate and possibly other options (number of stop 





bits, parity, etc. ) and load (or read from) the serial transmitter (receiver) buffer. 
m Bee PRR AH TEASE (PEE DAY BA. AYR Se), URRE (R 
BER) BT eae (Rkir) AX 


[6] This relieves the programmer of the responsibility of reloading the counter and assessing 











the elapsed time before the timer is restarted, which otherwise would be necessary if continuous 
precisely timed interrupts were required (as in a clock, for example). 

DEAS BEE n SET IN BT BC HY BE ACE T ae Je TT AY) Zea OY E hS TAE P fe 
HOR, AWAIT, tA ESO E PBR CATA), LET PEE EBS (fil 
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wW, EAA ) o 

[7] Because a downloading program is not permanently stored in the read only memory , the 
single-chip microcomputer can be tested independently of the application program, and remains 
standard with regard to the type of memory component with which it can be used in a system. 

S| Hype ee IP AR A ARATE RE T a, HAA LEN, -E 
PRICK, FMEA SP HE AY i a EY Pn ES 

[8] Its function is not predefined but depends on the program that it executes. 

ERMAN BUCH ERY, MRT E rT ES o 


[9] The other components of the “computer” can be either internal or external to the single- 





chip microcomputer, however. 
SAM OL, “TTL” ABP A DEA ACE BAY 


[10] In most current applications the application program is too large to be held in the sin- 














gle-chip microcomputer and is therefore stored in a memory external to the single-chip microcom- 
puter. 

TEA BUY DA, HPPA, SUP ALICIA, Alot FEE LA hb 
ARTEA o 

[11] Itis then impossible to determine the type of fault, i. e. whether it is a physical fault 
(in the single-chip microcomputer itself, in an external read only memory , in a peripheral device, 
on a bus, etc) or a software fault (i. e. an error in the application program). 

OPERA AEM E RAK ER (AIEG, ARR EA, SD BC EK 
RE) BEAR (HREF ER) o 


[12] The probes used in these test devices are very fragile, difficult to apply because of the 














small size of the circuit and their close packing, and may not make good contact with the circuit. 
ReMi HE RET ER ES, AAAS HBR), ARRA H TAEAE 
KIRAIA, Fr AEE. 


[13] The mask-programmed read only memory of the single-chip microcomputer is integrat- 





ed into the read only memory of the single-chip microcomputer and programmed once and for all 
during manufacture of the single-chip microcomputer. 

A AL BY 448 BR ht R ENTERRER A WLAS R EE MAr N SP EL 8 PY Aa e Ee 
ERRIA, 

[14] The downloading program receives the new application program and loads it into a read 
only memory external to the single-chip microcomputer. 

FREF REI A EF HIREA LS BY R E ARA o 

[15] Another object of the invention is to provide a single-chip microcomputer integrated 
circuit which can accurately locate the defective component or components of a system using the 
single-chip microcomputer in the event of dysfunction of the system. 

HSR H EES LG LR, EET DA LE RE BE Bi se E E 17 
RSA HR AF 


[16] A Digital Signal Processor is a super-fast chip computer, which has been optimized for 
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the detection, processing and generation of real world signals such as voice, video, music, etc, 
in real time. 

BA Ss bE i — A RLS a, ESR Se, UL. EPR 
FEAT SRM LAC AA EE 


[17] Today there is in fact a blurring between the roles of microprocessor and digital signal 








processor—perhaps synergy is a better word. 
SHH, SED EADS SB aie APC eS DR a AA EBAR E ARR T DI] BY BE 
FE PIRI PY I RAB A BEES AY Te] 


[18] We are now in the world of computing and software where manipulation of binary 





numbers is bread and butter stuff. 
Fe TTS E AE FEL PE TEE, FE, a a aS AY a E E TA 
LAB, ANAT GRAD 


[19] Essentially this allows you to change the volume to components of the music source de- 














pending on their frequency. 
KME, XRV DE AR DRA FF AY SOR BE EE, 
[20] Digital filtering is child’s play for a DSP, but actually involves a lot of computation. 





Consecutive samples must be stored, each scaled independently and then summed to perform even 
the most simple of filter functions. 

RF VEDOT DSP RULER A DELAY, (ESC ERT, BI ee SE 
fia} PAL AE Se a BE BE TEE OE Ai, BEM Tt, PS ET OR A 











Chapter 10 Computer Networking Basics 


10.1 Foundation 


Suppose you want to build a computer network, one that has the potential to grow to global 
proportions and to support applications as diverse as teleconferencing, video-on-demand, electron- 
ic commerce, distributed computing, and digital libraries. What available technologies would 
serve as the underlying building blocks, and what kind of software architecture would you design 
to integrate these building blocks into an effective communication service? Answering thisquestion 
is the overriding goal of this book—to describe the available building materials and then to show 
how they can be used to construct a network from the ground up. |! 

Before we can understand how to design a computer network, we should first agree on exact- 
ly what a computer network is. At one time, the term network meant the set of serial lines used to 
attach dumb terminals to mainframe computers; To some, the term implies the voice telephone 
network; To others, the only interesting network is the cable network used to disseminate video 
signals. The main thing these networks have in common is that they are specialized to handle one 
particular kind of data (keystrokes, voice, or video) and they typically connect to special-purpose 
devices (terminals, hand receivers, and television sets). 

What distinguishes a computer network from these other types of networks? Probably the most 
important characteristic of a computer network is its generality. Computer networks are built pri- 
marily from general-purpose programmable hardware, and they are not optimized for a particular 
application like making phone calls or delivering television signals. 71 Instead, they are able to 
carry many different types of data, and they support a wide, and ever-growing, range of applica- 
tions. This chapter looks at some typical applications of computer networks and discusses the re- 
quirements that a network designer who wishes to support such applications must be aware of. 

Once we understand the requirements, how do we proceed? Fortunately, we will not be 
building the first network. Others, most notably the community of researchers responsible for the 
Internet, have gone before us. We will use the wealth of experience generated from the Internet to 
guide our design. This experience is embodied in a network architecture that identifies the availa- 
ble hardware and software components and shows how they can be arranged to form a complete 


network system. ae 


10.2 Applications 


Most people know the Internet through its applications; the World Wide Web, email, stream- 
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ing audio and video, chat rooms, and music (file) sharing. The Web, for example, presents an 
intuitively simple interface. Users view pages full of textual and graphical objects, click on objects 
that they want to learn more about, and a corresponding new page appears. Most people are also 
aware that just under the covers, each selectable object on a page is bound to an identifier for the 
next page to be viewed. This identifier, called a Uniform Resource Locator (URL), is used to 
provide a way of identifying all the possible pages that can be viewed from your web browser. 

Another widespread application of the Internet is the delivery of “streaming” audio and vide- 
o. While an entire video file could first be fetched from a remote machine and then played on the 
local machine, similar to the process of downloading and displaying a web page, this would entail 
waiting for the last second of the video file to be delivered before starting to look at it. Stream- 
ingvideo implies that the sender and the receiver are, respectively, the source and the sink for the 
video stream. ‘*! 

That is, the source generates a video stream (perhaps using a video capture card) , sends it 
across the Internet in messages, and the sink displays the stream as it arrives. 

There are a variety of different classes of video applications. One class of video application is 
video-on-demand, which reads a preexisting movie from disk and transmits it over the network. 
Another kind of application is videoconferencing , which is in some ways the more challenging and 
interesting case for networking people because it has very tight timing constraints. Just as when 
using the telephone, the interactions among the participants must be timely. When a person at one 
end gestures, then that action must be displayed at the other end as quickly as possible. Too much 
delay makes the system unusable. Contrast this with video-on-demand where, if it takes several 
seconds from the time the user starts the video until the first image is displayed, the service is still 
deemed satisfactory. [5] Also, interactive video usually implies that video is flowing in both direc- 


tions, while a video-on-demand application is most likely sending video in only one direction. 


10.3 Requirements 


We have just established an ambitious goal for ourselves: to understand how to build a com- 
puter network from the ground up. Our approach to accomplishing this goal will be to start from 
first principles, and then ask the kinds of questions we would naturally ask if building an actual 
network. At each step, we will use today’s protocols to illustrate various design choices available 
to us, but we will not accept these existing artifacts as gospel. Instead, we will be asking (and 
answering) the question of why networks are designed the way they are. While it is tempting to 
settle for just understanding the way it’s done today, it is important to recognize the underlying 
concepts because networks are constantly changing as the technology evolves and new applications 
are invented. '°! It is our experience that once you understand the fundamental ideas, any protocol 
that you are confronted with will be relatively easy to digest. 

The first step is to identify the set of constraints and requirements that influence network de- 


sign. Before getting started, however, it is important to understand that the expectations you have 
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of a network depend on your perspective. 

1) An application programmer would list the services that his application needs, for exam- 
ple, a guarantee that each message the application sends will be delivered without error within a 
certain amount of time. 

2) A network designer would list the properties of a cost-effective design, for example, that 
network resources are efficiently utilized and fairly allocated to different users. 

3) A network provider would list the characteristics of a system that is easy to administer and 
manage, for example, in which faults can be easily isolated and where it is easy to account for us- 
age. 

This section attempts to distill these different perspectives into a high-level introduction to the 
major considerations that drive network design, and in doing so, identifies the challenges ad- 


dressed throughout the rest of this book. 


10.4 Links, Nodes and Clouds 


Network connectivity occurs at many different levels. At the lowest level, a network can con- 
sist of two or more computers directly connected by some physical medium, such as a coaxial ca- 
ble or an optical fiber. We call such a physical medium a link, and we often refer to the comput- 
ers it connects as nodes. (Sometimes a node is a more specialized piece of hardware rather than a 


computer, but we overlook that distinction for the purposes of this discussion. ) As illustrated in 


Fig. 10-1, physical links are sometimes limited to a 

pair of nodes (sucha link is said to be point-to-point) , Computer 
while in other cases, more than two nodes may share a a) 

single physical link ( such a link is said to be multiple- 

access). Whether a given link supports point-to-point aa _ 





or multiple-access connectivity depends on how the 





node is attached to the link. It is also the case that mul- b) 


tiple-access links are often limited in size, in terms of Fig. 10-1 Direct Links 


both the geographical distance they can cover and the a) Point-to-Point b) Multiple-Access 


number of nodes they can connect. 

If computer networks were limited to situations in which all nodes are directly connected to 
each other over a common physical medium, then networks would either be very limited in the 
number of computers they could connect, or the number of wires coming out of the back of each 
node would quickly become both unmanageable and very expensive. Fortunately, connectivity be- 
tween two nodes does not necessarily imply a direct physical connection between them—indirect 
connectivity may be achieved among a set of cooperating nodes. ‘”! Consider the following two ex- 
amples of how a collection of computers can be indirectly connected. 

Fig. 10-2 shows a set of nodes, each of which is attached to one or more point-to-point links. 


Those nodes that are attached to at least two links run software that forwards data received on one 
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link out on another. If organized in a systematic way, these forwarding nodes form a switchednet- 
work. There are numerous types of switched network, of which the two most common are circuit- 
switched and packet-switched. '*! The former is most notably employed by the telephone system, 
while the latter is used for the overwhelming majority of computer networks and will be the focus 
of this book. This important feature of packet-switched networks is that the nodes in such a net- 
work send discrete blocks of data to each other. Think of these blocks of data as corresponding to 
some piece of application data such as a file, a piece of email, or an image. We call each block of 


data either a packet or a message, and for now we use these terms interchangeably , we discuss the 


reason they are not always the same in next section. 
















swih | 
Computer 





Fig. 10-2 Switched Network 


Packet-switched networks typically use a strategy called store-and-forward. As the name sug- 
gests, each node in a store-and-forward network first receives a complete packet over some link, 
stores the packet in its internal memory, and then forwards the complete packet to the next node. 
In contrast, a circuit-switched network first establishes a dedicated circuit across a sequence of 
links and then allows the source node to send a stream of bits across this circuit to a destination 
node. '°! The major reason for using packet switching rather than circuit switching in a computer 
network is efficiency, discussed in the next subsection. 

The cloud in Fig. 10-2 distinguishes between the nodes on the inside that implement the net- 
work (they are commonly called switches, and their primary function is to store and forward pack- 
ets) and the nodes on the outside of the cloud that use the network (they are commonly called 
hosts, and they support users and run application programs). Also note that the cloud in Fig. 10-2 
is one of the most important icons of computer networking. In general, we use a cloud to denote 
any type of network, whether it is a single point-to-point link, a multiple-access link, or a 
switched network. Thus, whenever you see a cloud used in a figure, you can think of it as a 
placeholder for any of the networking technologies covered in this book. 


A second way in which a set of computers can be indirectly connected is shown in Fig. 10-3. 
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In this situation, a set of independent networks (clouds) are interconnected to form an internet- 
work, or Internet for short. We adopt the Internet’s convention of referring to a generic internet- 
work of networks as a lowercase i Internet, and the currently operational TCP/IP Internet as the 


t. [°] A node that is connected to two or more networks is commonly called a router 


capital J Interne 
or gateway, and it plays much the same role as a switch—it forwards messages from one network 
to another. Note that an Internet can itself be viewed as another kind of network, which means 
that an Internet can be built from an interconnection of Internets. Thus, we can recursively build 


arbitrarily large networks by interconnecting clouds to form larger clouds. 
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Fig. 10-3 Interconnection of Networks 


Just because a set of hosts are directly or indirectly connected to each other does not mean 
that we have succeeded in providing host-to-host connectivity. The final requirement is that each 
node must be able to state which of the other nodes on the network it wants to communicate with. 
This is done by assigning an address to each node. An address is a byte string that identifies a 
node; that is, the network can use a node’s address to distinguish it from the other nodes connect- 


L] When a source node wants the network to deliver a message to a certain des- 


ed to the network. 
tination node, it specifies the address of the destination node. If the sending and receiving nodes 
are not directly connected, then the switches and routers of the network use this address to decide 
how to forward the message toward the destination. The process of determining systematically how 


to forward messages toward the destination node based on its address is called routing. 


10.5 Network Architecture 


In case you hadn’t noticed, the previous section established a pretty substantial set of require- 
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ments for network design—a computer network must provide general, cost-effective, fair, and ro- 
bust connectivity among a large number of computers. As if this weren’t enough, networks do not 
remain fixed at any single point in time, but must evolve to accommodate changes in both the un- 
derlying technologies upon which they are based as well as changes in the demands placed on them 


‘?] Designing a network to meet these requirements is not a small task. 


by application programs. 

To help deal with this complexity, network designers have developed general blueprints-usu- 
ally called network architectures—that guide the design and implementation of networks. This sec- 
tion defines more carefully what we mean by a network architecture by introducing the central ide- 
as that are common to all network architectures. It also introduces two of the most widely refer- 
enced architectures—the OSI architecture and the Internet architecture. 

When a system gets complex, the system designer introduces another level of abstraction. 
The idea of an abstraction is to define a unifying model that can capture some important aspect of 
the system, encapsulate this model in an object that provides an interface that can be manipulated 
by other components of the system, and hide the details of how the object is implemented from the 
users of the object. The challenge is to identify abstractions that simultaneously provide a service 
that proves useful in a large number of situations and that can be efficiently implement in the un- 
derlying system. This is exactly what we were doing when we introduced the idea of a channel in 
the previous section; We were providing an abstraction for applications that hides the complexity 
of the network from application writers. ''*! 

Abstractions naturally lead to layering, especially in network systems. The general idea is 
that you start with the services offered by the underlying hardware, and then add a sequence of 
layers, each providing a higher ( more abstract) level of service. The services provided at the high 
layers are implemented in terms of the services provided by 


“ 5 . $ Application programs 
the low layers. Drawing on the discussion of requirements 





given in the previous section, for example, we might imag- Process-to-process channels 


ine a simple network as having two layers of abstraction Host-to-host connectivity 


sandwiched between the application program and the under- Hardware 








lying hardware, as illustrated in Fig. 10-4. The layer imme- Fig. 10-4 Example of a Layered 


diately above the hardware in this case might provide host- Network System 


to-host connectivity, abstracting away the fact that there 


l4] The next layer up 


may be an arbitrarily complex network topology between any two hosts. 
builds on the available host-to-host communication service and provides support for process-to- 
process channels, abstracting away the fact that the network occasionally loses messages, for ex- 
ample. 

Layering provides two nice features. First, it decomposes the problem of building a network 
into more manageable components. Rather than implementing a monolithic piece of software that 
does everything you will ever want, you can implement several layers, each of which solves one 


[15] 


part of the problem. Second, it provides a more modular design. If you decide that you want 


to add some new service, you may only need to modify the functionality at one layer, reusing the 
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functions provided at all the other layers. 

Thinking of a system as a linear sequence of layers is an oversimplification, however. Many 
times there are multiple abstractions provided at any given level of the system, each providing a 
different service to the higher layers but building on the same low-level abstractions. One provides 
a request/reply service and one supports a message stream service. These two channels might be 


alternative offerings at some level of a multilevel networking system, as illustrated in Fig. 10-5. 
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Fig. 10-5 Layered System with Alternative Abstractions Available at a Given Layer 


Using this discussion of layering as a foundation, we are now ready to discuss the architecture 
of a network more precisely. For starters, the abstract objects that make up the layers of a network 
system are called protocols. That is, a protocol provides a communication service that higher-level 
objects (such as application processes, or perhaps higher-level protocols) use to exchange messa- 
ges. For example, we could imagine a network that supports a request/reply protocol and a mes- 
sage stream protocol, corresponding to the request/reply and message stream channels discussed 
above. 

Each protocol defines two different interfaces. First, it defines a service interface to the other 
objects on the same computer that want to use its communication services. This service interface 


defines the operations that local objects can perform on the protocol. 1°’ 


For example, a request/ 
reply protocol would support operations by which an application can send and receive messages. 
An implementation of the HTTP protocol could support an operation to fetch a page of hypertext 
from a remote server. An application such as a web browser would invoke such an operation 
whenever the browser needs to obtain a new page, for example, when the user clicks on a link in 
the currently displayed page. 

Second, a protocol defines a peer interface to its counterpart (peer) on another machine. 
This second interface defines the form and meaning of messages exchanged between protocol peers 
to implement the communication service. This would determine the way in which a request/reply 
protocol on one machine communicates with its peer on another machine. In the case of HTTP, 
for example, the protocol specification defines in detail how a “GET” command is formatted, 
whatarguments can be used with the command, and how a web server should respond when it re- 
ceives such a command. 

To summarize, a protocol defines a communication service that it exports locally (the service 
interface), along with a set of rules governing the messages that the protocol exchanges with its 


peer (s) to implement this service (the peer interface). This situation is illustrated in Fig. 10-6. 
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Fig. 10-6 Service and Peer Interfaces 
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Except at the hardware level where peers directly communicate with each other over a link, 
peer-to-peer communication is indirect—each protocol communicates with its peer by passing mes- 
sages to some lower-level protocol, which in turn delivers the message to its peer. In addition, 
there are potentially multiple protocol at any given level, each providing a different communication 
service. We therefore represent the suite of protocols that make up a network system with a proto- 
col graph. The nodes of the graph correspond to protocols, and the edges represent a depends on 
relation. For example, Fig. 10-7 illustrates a protocol graph for the hypothetical layered system we 
have been discussing—the protocols Request/Reply Protocol (RRP) and Message Stream Protocol 
(MSP) implement two different types of process-to-process channels, and both depend on Host- 


to-Host (HHP) , which provides a host-to-host connectivity service. 


File Video File Video 
appilcation application appilcation application 





Digital library Digital library 
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Fig. 10-7 Example of a Protocol Graph 
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In this example, suppose that the file access program on Host | wants to send a message to its 
peer on Host 2 using the communication service offered by protocol RRP. In this case, the file ap- 
plication asks RRP to send the message on its behalf. To communicate with its peer, RRP then in- 
vokes the services of HHP, which in turn transmits the message to its peer on the other machine. 
Once the message has arrived at protocol HHP on Host 2, HHP passes the message up to RRP, 
which in turn delivers the message to the file application. In this particular case, the application is 
said to employ the services of the protocol stack RRP/HHP. 

Note that the term protocol is used in two different ways. Sometimes it refers to the abstract 
interfaces—that is, the operations defined by the service interface and the form and meaning of 
messages exchanged between peers, and sometimes it refers to the module that actually imple- 
ments these two interfaces. ''’) To distinguish between the interfaces and the module that imple- 
ments these interfaces, we generally refer to the former as a protocol specification. Specifications 
are generally expressed using a combination of prose, state transition diagrams, pictures of packet 
formats, and other abstract notations. It should be the case that a given protocol can be implemen- 
ted in different ways by different programmers, as long as each adheres to the specification. The 
challenge is ensuring that two different implementations of the same specification can successfully 
exchange messages. Two or more protocol modules that do accurately implement a protocol speci- 


fication are said to inter-operate with each other. 


10.6 Network Security 


Increasingly people are using networks such as the Internet for on-line banking , shopping and 
many other applications. The generic term used is electronic commerce or e-commerce and this of- 
ten involves the transfer of sensitive information such as credit card details over the network. 
Hence to support this type of networked transaction, a number of security techniques have been 
developed which, when combined together, provide a high level of confidence that any informa- 
tion relating to the transaction that is received from the network. 

As we shall see, secrecy and integrity are achieved by means of data encryption while authen- 
tication and non-repudiation require the exchange of a set of (encrypted) messages between the 
two communicating parties. In addition, we give some examples of applications that use these 
techniques. 

LANs, transmissions on the shared transmission medium can readily be intercepted by any 
system if an intruder sets the appropriate MAC chip-set the promiscuous mode and records all 
transmission on the medium. Then, with a knowledge of the LAN protocols being used, the in- 
truder can identify and remove the protocol control information at the head of each message, leav- 
ing the message contents. The message contents, including passwords and other sensitive informa- 
tion, can then be interpreted. 

This is known as listening or eavesdropping and its effects are all too obvious. In addition and 


perhaps more sinister, an intruder can use a recorded message sequence to generate a new se- 
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quence. This is known as masquerading and again the effects are all too apparent. ''*’ Therefore, 
encryption should be applied to all data transfers that involve a network. In the context of the 
TCP/IP reference model, the most appropriate layer to perform such operations is the application 
layer. 

Public key systems like RSA are particularly useful for non-repudiation, that is, providing 
that a person sent an electronic document. With a paper document, normally a person adds his or 
her signature at the end of the document—sometimes with the name and signature of a witness— 
and, should it be necessary, this is then used to verify that the person whose signature is on the 
document sent it. 

One solution is to exploit the dual property of public key systems, namely that not only is a 
receiver able to decipher all messages it receives using its own private key, but any receiver can 
also decipher a message encrypted with the sender’s private key, using the sender’s public 
key. Although this is an elegant solution, it has a number of limitations. 

One solution is to compute a much shorter version of the message based on the message con- 
tents, similar in principle to the computation of a CRC. The shorter version is called the message 
digest (MD) and the computation function that is used to compute it the hash function. L9] The 
MD is first computed using the chosen hash function. This is then encrypted using the sender’s pri- 
vate key. The encrypted MD is then sent together with the plain-text message. At the receiver, the 
encrypted MD is decry-ted using the sender’s public key. The MD of the received plain-text mes- 
sage is also computed and, if this is the same as the decry-ted MD, this is taken as proof that no 
one has tampered with the message and the sender whose public key was used to decry-pt the MD 
did in fact send the message. 

In general, authentication is required when a client wishes to access some information or 
service from a networked server. Before the client is allowed access to the server, he or she must 
first prove to the server that they are a registered user. Once authenticated the user is then allowed 
access. The authentication process can be carried out using either a public key or a private key 
scheme. 

Security features are located in various parts of a protocol stack. Typically, in fixed-wire 
networks these start at the network layer where an IETF protocol called IP security is used. There 
is then a transport layer protocol called Transport Layer Security that is a derivative of a protocol 
called the Secure Socket Layer. As we have just seen, at the application layer, a security feature 
is provided for e-mail by a protocol called Pretty Good Privacy. There are also security features as- 
sociated with the Web. 

In general, because of their mode of operation, even tighter levels of security are provided 
in wireless networks. These include Wired Equivalent Privacy that is used in IEEE802. 11 wireless 
LANs. In addition, Bluetooth has a number of security features WAP2. 0 has a full set of security 
protocols. [20] 

When carrying out a transaction over the Web relating to an e-commerce application, since in 


many instances this involves sending details of a user’s payment card, the security of such trans- 
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fers is vitally important. For example, an eavesdropper with knowledge of Internet protocols could 
readily intercept the information entered on the order form and, having got the name and other de- 
tails about the card, proceed to use these to carry out purchases of their own. A second potential 
pitfall is that the Web site from where the purchase is being made may not in reality have anything 
for sale and, prior to the agreed delivery date, abscond with the money that it has collected. In 
addition, in electronic banking (e-banking) and other financial applications, a client may mas- 
querade an another person. Any security scheme, therefore, must be able to counter each of these 
threats. 


New Words and Expressions 








1. network n. Wik, HRS 17. router n. BRA AS 

2. potential n. J, WEE 18. blueprint n. &v. HA, MKI 

3. building blocks #7 19. capture v. HHIK, AAW 

4. cable n. HUA, HAAR 20. encapsulate v. j3% 

5. keystroke n. a; Ht 21. manipulate v. RIM, IRE 

6. network architecture P4 ži 22. simultaneously adv. [E] ih} Hh, 

7. hardware and software 4x fli {4 23. underlying adj. JZ, WERSI 
8. metric adj. itil AY 24. layer n. JÆ 

9. streaming n. ù 25. topology n. ith 

10. video-on-demand WAM RE 26. process-to-process HEFE FIHTE 
11. protocol n. Prikl, HE, FLA 27. monolithic adj. "AIAN, kA KI 
12. gospel n. fair, JU, Z 28. modular adj. Fae {kh 

13. point-to-point XTA 29. multiple n. fi adj. ZA, ARN 
14. multiple-access iE 30. service interface i HHA E 

15. store-and-forward TTET R 31. fetch n. FE, Fi v. BO 
16. host-to-host HLAJEN 32. invoke v. IPIF, WER, WH 
Notes 


[1] Answering this question is the overriding goal of this book—to describe the available 


building materials and then to show how they can be used to construct a network from the ground 


up. 














ASA AY E R H PREE AAA E ia BEF A EA ER FR BE 

[2] Computer networks are built primarily from general-purpose programmable hardware , 
and they are not optimized for a particular application like making phone calls or delivering televi- 
sion signals. 

WAIANAE Ee A 2h RAPT TF eR BF IH i ERE A BS 
Atte. 


[3] This experience is embodied in a network architecture that identifies the available hard- 





ware and software components and shows how they can be arranged to form a complete network 
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system. 

ROM TTT FATE IZA AP, CE BT Fe AP PP HRH EEA TE R — 
PSOE MARE 

[4] Streaming video implies that the sender and the receiver are, respectively, the source 
and the sink for the video stream. 

Tit RAS LAS AIL MF h S A Ht SG PZ o 

[5] Contrast this with video-on-demand where, if it takes several seconds from the time the 


user starts the video until the first image is displayed, the service is still deemed satisfactory. 


ERI AREH, WARMUP Pia oh ais BOLE A Fae TE, VRBO AES 











[6] While it is tempting to settle for just understanding the way it is done today, it is impor- 
tant to recognize the underlying concepts because networks are constantly changing as the technol- 
ogy evolves and new applications are invented. 

FRA MA VRE TEE DUM TARP AS TATE, AEE, DRAIN EE FP E 
B, AA NEEE REE RRA A FS A TTT AS BT AC o 


[7] Fortunately, connectivity between two nodes does not necessarily imply a direct physical 








pE 








connection between them—indirect connectivity may be achieved among a set of cooperating 
nodes. 

AAWE, PY ek A ERIE AN — FE A ETT EL Be LE 2k EE 
41D AE Ee $e OY Wet — 2 BA ES o 


[8] There are numerous types of switched network, of which the two most common are cir- 

















cuit-switched and packet-switched. 

BOHR DH A FE LE ETE TK, HP Bi FS LY PE SK ae HB CHR A PL CH, 

[9] In contrast, a circuit-switched network first establishes a dedicated circuit across a se- 
quence of links and then allows the source node to send a stream of bits across this circuit to a des- 
tination node. 

EZT, FREKARA ES A EE PPAR, RE T 
BGS ORT EI HERT o 


[10] We adopt the Internet’s convention of referring to a generic inter-network of networks 








as a lowercase i Internet, and the currently operational TCP/IP Internet as the capital 7 Internet. 
FUR AMR AEE, HA ERE A) i W, SHAT AY TCP / IP EKREN 
KS IAK, 


[11] An address is a byte string that identifies a node; that is, the network can use a node’s 





address to distinguish it from the other nodes connected to the network. 
— SEE TEE, EDR iB; ete, A DE 
AY HE KIIF 2 RBC P A a o 


[12] As if this weren’t enough, networks do not remain fixed at any single point in time, but 





must evolve to accommodate changes in both the underlying technologies upon which they are 


based as well as changes in the demands placed on them by application programs. 
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WREN, UB AN eee TA Ze FE A, EE, TE EEA AY ET 
AR SE 1 FA BP CE E HT HERE 

[13] We were providing an abstraction for applications that hides the complexity of the net- 
work from application writers. 

Fe He BENT AY BEA ORANA, CERT WE RSC AY BZ ARE 


[14] The layer immediately above the hardware in this case might provide host-to-host con- 





nectivity, abstracting away the fact that there may be an arbitrarily complex network topology be- 
tween any two hosts. 

TEL F, lor BIE REE Ee BEE PLB ELE, HBR YS SC a EE AT AA 
EIZE UFER AR AY RAFE o 


[15] Rather than implementing a monolithic piece of software that does everything you will 





ever want, you can implement several layers, each of which solves one part of the problem. 
TAR ee BE AE A) FE PA BP, MELAS, ak — N RE f eV] pet 1 — A 
MOP o 


[16] This service interface defines the operations that local objects can perform on the proto- 








col. 
TNR BE FE MT AS HT BEY ARRE PIT o 
[17] Sometimes it refers to the abstract interfaces—that is, the operations defined by the 
service interface and the form and meaning of messages exchanged between peers, and sometimes 
it refers to the module that actually implements these two interfaces. 
Ait, CHERERE, R re Wye ASE Ae CABRERA E 
ML, AY, CH AYRES RKA De ER, 
[18] This is known as masquerading and again the effects are all too apparent. 
OPEL OTIS AY ARBOR, HAREA HT 


[19] The shorter version is called the message digest (MD) and the computation function 























that is used to compute it the hash function. 


fel ZEA BA EE (MD), HRE W KREI PRA 


[20] In addition, Bluetooth has a number of security features WAP2. 0 has a full set of se- 





curity protocols. 


Woh, HAAS Re RE, WAP2.0 ABENKEHM, 


PART 3 ELECRICAL MACHINES 
AND DEVICES 


Chapter 11 Direct-Current Machines 


11.1 Introduction 


Electric motors and generators are a group of devices used to convert mechanical energy into 
electrical energy, or electrical energy into mechanical energy, by electromagnetic means. A ma- 
chine that converts mechanical energy into electrical energy is called a generator, alternator, or 
dynamo, and a machine that converts electrical energy into mechanical energy is called a motor. 

Two related physical principles underlie the operation of generators and motors. The first is 
the principle of electromagnetic induction discovered by Michael Faraday in 1831. If a conductor 
is moved through a magnetic field, or if the strength of a stationary conducting loop is made to va- 
ry , a current is set up or induced in the conductor. The converse of this principle is that of electro- 
magnetic reaction, first discovered by Andre’ Ampere in 1820. If a current is passed through a 
conductor located in a magnetic field, the field exerts a mechanical force on it. Both motors and 
generators consist of two basic units, the field and the armature. The armature is usually a lami- 
nated soft-iron core around which conducting wires are wound in coils. Electric machines are clas- 
sified as DC ( Direct Current) and AC ( Alternating Current) machines as well as according to 
their stator and rotor constructions as shown in Fig. 11-1. 

Equation e = dA/dt, can be used to determine the voltages induced by time-varying magnetic 
fields. Electromagnetic energy conversion occurs when changes in the flux linkage A result from 
mechanical motion. In rotating machines, voltages are generated in windings or groups of coils by 
rotating these windings mechanically through a magnetic field, by mechanically rotating a magnet- 
ic field past the winding, or by designing the magnetic circuit so that the reluctance varies with ro- 
tation of the rotor. |"! By any of these methods, the flux linking a specific coil is changed cyclical- 
ly, and a time-varying voltage is generated. 

In most rotating machines, the stator and rotor are made of electrical steel sheet, and the 
windings are installed in slots on these structures. The use of such high-permeability material max- 


imizes the coupling between the coils and increases the magnetic energy density associated with the 
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Fig. 11-1 Classification of Electric Machines 


electromechanical interaction. It also enables the machine designer to shape and distribute the mag- 
netic fields according to the requirements of each particular machine design. The time-varying flux 
present in the armature structures of these machines tends to induce currents, known as eddy cur- 
rents, in the electrical steel. Eddy currents can be a large source of loss in such machines and can 
significantly reduce machine performance. In order to minimize the effects of eddy currents, the 
armature structure is typically built from thin laminations of electrical steel which are insulated 
from each other. 

In some machines, such as variable reluctance machines and stepper motors, there are no 
windings on the rotor. Operation of these machines depends on the nonuniformity of air-gap reluc- 
tance associated with variations in rotor position in conjunction with time-varying currents applied 
to their stator windings. [2] Tn such machines, both the stator and rotor structures are subjected to 
time-varying magnetic flux and, as a result, both may require lamination to reduce eddy-current 
losses. 

Rotating electric machines take many forms and are known by many names; DC, synchro- 
nous, permanent-magnet, induction, variable reluctance, hysteresis, brushless, and so on. Al- 
though these machines appear to be quite dissimilar, the physical principles governing their behav- 
ior are quite similar, and it is often helpful to think of them in terms of the same physical picture. 


For example, analysis of a DC machine shows that associated with both the rotor and the stator are 
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magnetic flux distributions which are fixed in space and that the torque-producing characteristic of 
the DC machine stems from the tendency of these flux distributions to align. [3] An induction ma- 
chine, in spite of many fundamental differences, works on exactly the same principle; one can i- 
dentify flux distributions associated with the rotor and stator. Although they are not stationary but 
rather rotate in synchronism, just as in a DC motor they are displaced by a constant angular sepa- 


ration, and torque is produced by the tendency of these flux distribution to align. 


11.2 Basic Structural Feature 


The physical structure of the DC machine consists of two parts; the stator and the rotor, as 


shown in Fig. 11-2. The stationary part con- Brushes 









sists of the frame, and the pole pieces, 
Field pole and 


which project inward and provide a path for field core 


the magnetic flux. The ends of the pole 
pieces that are near the rotor spread out over Yoke 
the rotor surface to distribute its flux evenly Armature 
over the rotor surface. These ends are Commutator 
called the pole shoes. The exposed surface 
of a pole shoe is called a pole face, and the 
distance between the pole face and the rotor 
is the air gap. Two principal windings on a 
DC machine; © the armature windings: the End bell 
windings in which a voltage is induced ( ro- 


tor); © the field windings; the windings Fig. 11-2 A Simplified Diagram of a DC Machine 
that produce the main magnetic flux ( sta- 
tor). Note: because the armature winding is located on the rotor, a DC machine’s rotor is some- 


times called an armature. 
11.2.1 Armature Winding 


In general, the term armature winding is used to refer to a winding or a set of windings on a 
rotating machine which carry AC currents. In AC machines such as synchronous or induction ma- 
chines, the armature winding is typically on the stationary portion of the motor referred to as the 
stator, in which case these windings may also be referred to as stator windings. ‘“! In a DC ma- 
chine, the armature winding is found on the rotating member, referred to as the rotor. As we will 
see, the armature winding of a DC machine consists of many coils connected together to form a 
closed loop. A rotating mechanical contact is used to supply current to the armature winding as the 
rotor rotates. 

For small machines, the coils are directly wound into the armature slots using automatic 


winders. In large machines, the coils are preformed and then inserted into the armature slots. Each 
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coil consists of a number of turns of wire, each turn taped and insulated from the other turns and 
form the rotor slot. Each side of the turn is called a conductor. The number of conductors on a 
machine’s armature is given by 

Z=2CN, (11-1) 
where Z is the number of conductors on rotor; C is the number of coils on rotor; N, is the num- 
ber of turns per coil. 

Since the voltage generated in the conductor under the South Pole opposite the voltage genera- 
ted in the conductor under the North Pole, the coil span is made equal to 180 electrical degrees, 
i. e. , one pole pitch. In a 2-pole machine 180 electrical degrees is equal to 180 mechanical de- 
grees, whereas in a 4-pole machine 180 electrical degrees is equal to 90 mechanical degrees. In 


general, the relationship between the electrical angle 6, and mechanical angle 0,, is given by 
P 
=> 11-2 
0,575 Fn (11-2) 


where P is the number of poles. 

Armature winding of a DC machine is always closed and of double layer type. The number of 
coils for a two-layer winding is equal to the number of armature slots. Thus, each armature slot 
has two sides of two different coils. In the preformed coils, one side of a coil is placed at the bot- 
tom half of a slot and the other side at the top half. If S is the number of slots in the rotor, the coil 
pitch is designated by y which is given by 


y = Integer value of (+) (11-3) 


That is if we place one side of the coil in slot m, the other side must be inserted in slot m + y. The 
manner in which the coils are connected together will form the type of armature winding. Let E, 
and J, be the voltage and current per coil. If a is the number of parallel paths between brushes, 
then the number of series conductor per parallel path between brushes is Z/a. Hence the average 
generated emf and the armature current are given by 
E= ay 
a (11-4) 
I, =al, 
1. Simplex Lap Winding 
In one type known as the simplex lap winding the end of one coil is connected to the begin- 
ning of the next coil with the two ends of each coil coming out at adjacent commutator seg- 
ments. !*! For a progressive lap winding the commutator pitch y. =l. A typical coil of N, turns for 
a simplex lap winding is shown in Fig. 11-3. In the simplex lap winding the number of parallel 
path between brushes is equal to the number of poles, i.e. , p =a. This type of winding is used 
for low-voltage, high-current applications. 
2. Simplex Wave Winding 
As we have seen in the lap winding, the two ends of a coil are connected to adjacent commu- 


tator segments (y, =1). In the wave winding, the two ends of a coil are connected to the com- 


Chapter 11 Direct-Current Machines 129 


mutator segments that are approximately 360 electrical degrees apart (i. e. , 2-pole pitch). This 
way all the coils carrying current in the same direction are connected in series. Therefore, there 
are only two parallel paths between the brushes, i.e., a = 2 independent of the number of 


poles. ©) This type of winding is used for low-current, high-voltage applications. 
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Fig. 11-3 
a) A Typical Coil for Lap Winding with y, =1 
b) For Wave Winding 


11.2.2 Field Winding 


This is an exciting system which may be an electrical winding or a permanent magnet and 
which is located on the stator and is excited by direct current. The outstanding advantages of DC 
machines arise from the wide variety of operating characteristics which can be obtained by selec- 
tion of the method of excitation of the field windings. ‘7! Various connection diagrams are shown in 
Fig. 11-4. The method of excitation profoundly influences both the steady-state characteristics and 
the dynamic behavior of the machine in control systems. 

The connection diagram of a separately-excited generator is given in Fig. 11-4a. The required 
field current is a very small fraction of the rated armature current; on the order of 1 to 3 percent in 
the average generator. A small amount of power in the field circuit may control a relatively large 
amount of power in the armature circuit; i.e. , the generator is a power amplifier. Separately-ex- 
cited generators are often used in feedback control systems when control of the armature voltage 
over a wide range is required. '*! The field windings of self-excited generators may be supplied in 
three different ways. The field may be connected in series with the armature (Fig. 11-4b) , resul- 
ting in a series generator. The field may be connected in shunt with the armature (Fig. 11-4c) , 
resulting in a shunt generator, or the field may be in two sections (Fig. 11-4d) , one of which is 
connected in series and the other in shunt with the armature , resulting in a compound generator. |” 
The field current of a series generator is the same as the load current, so that the air-gap flux and 
hence the voltage vary widely with load. As a consequence, series generators are not often used. 


The voltage of shunt generators drops off somewhat with load, but not in a manner that is objec- 
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tionable for many purposes. Compound generators are normally connected so that the mmf of the 
series winding aids that of the shunt winding. The advantage is that through the action of the series 
winding the flux per pole can increase with load, resulting in a voltage output which is nearly con- 


n x : 10 
stant or which even rises somewhat as load increases. ‘'°! 


Field Armature Series field 
a) b) 













Field 


theostat Field 
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c) d) 


Fig. 11-4 Field-Circuit Connections of DC Machines 


a) Separate Excitation b) Series c) Shunt d) Compound 


11.2.3 Commutators 


A commutator typically consists of a set of copper segments, fixed around part of the circum- 
ference of the rotor, and a set of spring-loaded brushes fixed to the stationary frame of the ma- 


Lu] The external source of current (for a motor) 


chine. 
or electrical load (for a generator) is connected to the 
brushes. For small equipment the commutator segments 
can be stamped from sheet metal. For very large equip- 
ment the segments are made from a copper casting that 
is then machined into the final shape. Fig. 11-5 shows 
cross-section of a commutator that can be disassembled 
for repair. 

Each conducting segment on the armature of the 


commutator is insulated from adjacent segments. Initial- 





ly when the technology was first developed, mica was 


used as an insulator between commutation segments. Fig. 11-5 Cross-Section of a Commutator 


Later materials research into polymers brought the devel- That Can Be Disassembled for Repair 


opment of plastic spacers which are more durable and 
less prone to cracking, and have a higher and more uniform breakdown voltage than mica. oe 


The segments are held onto the shaft using a dovetail shape on the edges or underside of each 
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segment, using insulating wedges around the perimeter of each commutation segment. Due to the 
high cost of repairs, for small appliance and tool motors the segments are typically crimped perma- 
nently in place and cannot be removed; when the motor fails it is simply discarded and replaced. 
On very large industrial motors it is economical to be able to replace individual damaged seg- 
ments, and so the end-wedge can be unscrewed and individual segments removed and replaced. 
Commutator segments are connected to the coils of the armature, with the number of coils 
(and commutator segments) depending on the speed and voltage of the machine. Large motors 
may have hundreds of segments. Friction between the segments and the brushes eventually causes 
wear to both surfaces. Carbon brushes, being made of a softer material, wear faster and may be 
designed to be replaced easily without dismantling the machine. Older copper brushes caused more 
wear to the commutator, causing deep grooving and notching of the surface over time. The com- 
mutator on small motors (say, less than a kilowatt rating) is not designed to be repaired through 
the life of the device. On large industrial equipment, the commutator may be re-surfaced with ab- 
rasives, or the rotor may be removed from the frame, mounted in a large metal lathe, and the 


[13] 


commutator resurfaced by cutting it down to a smaller diameter. The largest of equipment can 


include a lathe turning attachment directly over the commutator. 
11.2.4 Brushes 


Early in the development of dynamos and motors, copper brushes were used to contact the 
surface of the commutator. However, these hard metal brushes tended to scratch and groove the 
smooth commutator segments, eventually requiring resurfacing of the commutator. As the copper 
brushes wear away, the dust and pieces of the brush could wedge between commutator segments, 
shorting them and reducing the efficiency of the device. Fine copper wire mesh or gauze provided 
better surface contact with less segment wear, but gauze brushes were more expensive than strip or 
wire copper brushes. The copper brush was eventually replaced by the carbon brush. 

Carbon brushes tend to wear more evenly than copper brushes, and the soft carbon causes far 
less damage to the commutator segments. There is less sparking with carbon as compared to cop- 
per, and as the carbon wears away, the higher resistance of carbon results in fewer problems from 
the dust collecting on the commutator segments. 

Copper and carbon are each better suited for a particular purpose. Copper brushes perform 
better with very low voltages and high amperage, while carbon brushes are better for high voltage 
and low amperage. Copper brushes typically carry 150 to 200 A per square inch of contact sur- 
face, while carbon only carries 40 A to 70 A per square inch. The higher resistance of carbon also 
results in a greater voltage drop of 0.8 V to 1.0 V per contact, or 1.6 to 2.0 V across the com- 
mutator. Modern rotating machines with commutators now use carbon brushes, which may have 
copper powder mixed in to improve conductivity. Metallic copper brushes would only be found in 


toy or very small motors, such as the one illustrated above. 
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11.3 Effect of Armature MMF 


Armature MMF (magnetomotive force) has definite effects on both the space distribution of 


4] The effect on flux distribution is 


the air-gap flux and the magnitude of the net flux per pole. 
important because the limits of successful commutation are directly influenced; the effect on flux 
magnitude is important because both the generated voltage and the torque per unit of armature cur- 
rent are influenced thereby. These effects and the problems arising from them are described in this 
section. 

It was shown that the armature MMF wave can be closely approximated by a sawtooth, corre- 
sponding to the wave produced by a finely-distributed armature winding or current sheet. t"! For a 
machine with brushes in the neutral position, the idealized MMF wave is again shown by the 
dashed sawtooth in Fig. 11-6, in which a positive MMF ordinate denotes flux lines leaving the ar- 
mature surface. Current directions in all windings other than the main field are indicated by black 
and cross-hatched bands. Because of the salient-pole field structure found in almost all DC ma- 
chines, the associated space distribution of flux will not be triangular. The distribution of air-gap 
flux density with only the armature excited is given by the solid curve of Fig. 11-6. As can readily 


be seen, it is appreciably decreased by the long air path in the interpolar space. 
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Fig. 11-6 Armature MMF and Flux-Density Distribution with Brushes on Neutral and Only the Armature Excited 


The axis of the armature MMF is fixed at 90 electrical degrees from the main-field axis by the 
brush position. The effect of the armature MMF is seen to be that of creating flux crossing the pole 


faces; thus its path in the pole shoes crosses the path of the main-field flux. ne 


! For this reason, 
armature reaction of this type is called cross-magnetizing armature reaction. It evidently causes a 
decrease in the resultant air-gap flux density under one half of the pole and an increase under the 
other half. 


When the armature and field windings are both excited, the resultant air-gap flux-density dis- 
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tribution is of the form given by the solid curve of 





l 
Fig. 11-7. Superimposed on this figure are the 
l 
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the algebraic sum of the two dashed curves be- 
cause of the nonlinearity of the iron magnetic cir- 
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density is decreased by a greater amount under Flux- density disttibution 


main field alone 
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distribution 


one pole tip than it is increased under the other. 
Accordingly , the resultant flux per pole is lower Fig. 11-7 Armature, Main-Field, and Resultant 
than would be produced by the field winding Flux-Density Distributions with Brushed on Neutral 
alone, a consequence known as the demagneti- 
zing effect of cross-magnetizing armature reaction. Since it is caused by saturation, its magnitude 
is a nonlinear function of both the field current and the armature current. For normal machine op- 
eration at the flux densities used commercially , the effect is usually significant, especially at heavy 
loads, and must often be taken into account in analyses of performance. 

The distortion of the flux distribution caused by cross-magnetizing armature reaction may have 
a detrimental influence on the commutation of the armature current, especially if the distortion be- 


comes excessive. |!® 


| In fact, this distortion is usually an important factor limiting the short-time 
overload capability of a DC machine. Tendency toward distortion of the flux distribution is most 
pronounced in a machine, such as a shunt motor, where the field excitation remains substantially 
constant while the armature MMF may reach very significant proportions at heavy loads. The tend- 
ency is least pronounced in a series-excited machine, such as the series motor, for both the field 
and armature MMF increase with load. 

The effect of cross-magnetizing armature reaction can be limited in the design and construc- 
tion of the machine. The MMF of the main field should exert predominating control on the air-gap 
flux, so that the condition of weak field MMF and strong armature MMF should be avoided. The 
reluctance of the cross-flux path (essentially the armature teeth, pole shoes, and the air gap, espe- 
cially at the pole tips) can be increased by increasing the degree of saturation in the teeth and pole 
faces, by avoiding too small an air gap, and by using a chamfered or eccentric pole face, which 
increases the air gap at the pole tips. These expedients affect the path of the main flux as well, but 
the influence on the cross flux is much greater. The best, but also the most expensive, curative 
measure is to compensate the armature MMF by means of a winding embedded in the pole faces. 


If the brushes are not in the neutral position, the axis of the armature MMF wave is not 90° 
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from the main-field axis. The armature MMF then produces not only cross magnetization but also 
a direct-axis demagnetizing or magnetizing effect, depending on the direction of brush shift. Shift- 
ing of the brushes from the neutral position is usually inadvertent due to incorrect positioning of the 
brushes or a poor brush fit. Before the invention of interpoles, however, shifting the brushes was 
a common method of securing satisfactory commutation, the direction of the shift being such that 
demagnetizing action was produced. It can be shown that brush shift in the direction of rotation in 
a generator or against rotation in a motor produces a direct-axis demagnetizing MMF which may 
result in unstable operation of a motor or excessive drop in voltage of a generator. Incorrectly 
placed brushes can be detected by a load test. If the brushes are on neutral, the terminal voltage of 
a generator or the speed of a motor should be the same for identical conditions of field excitation 


and armature current when the direction of rotation is reversed. 


New Words and Expressions 





1. armature n. EAX 17. simplex wave winding "YK ZE2A 
2. magnetic flux linkage RHE 18. permanent magnet 7K H&K 
3. reluctance n. BH 19. in series with +- Baie 
4. electrical steel sheet E T4} 20. in shunt with 5- FER 
5. permeability n. FK 21. commutator n. #4 

6. lamination n. Æ 22. commutator segment €[nJ Hr 
7. magnetic flux f&i 23. polymer n. REW; LRH 
8. hysteresis n. Réf 24. mica n. RAF 

9. pole pieces tH, HH 25. dovetail n. FIG; IE 
10. pole shoes fi #t 26. perimeter n. Jali 

11. winder n. NL 27. abrasive n. WEES Fil 

12. conductor n. #4 28. frame n. 2E; HLA; FEX 
13. magnetomotive force (MMF) REZ 29. gauze n. WIZ; Zbir 

14. coil pitch 24177 HE 30. sawtooth n. 4E 

15. electromotive force (EMF) Zh 31. detrimental adj. AFIAY 

16. simplex lap winding "#324, 32. pole tip RA 

Notes 


[1] In rotating machines, voltages are generated in windings or groups of coils by rotating 
these windings mechanically through a magnetic field, by mechanically rotating a magnetic field 
past the winding, or by designing the magnetic circuit so that the reluctance varies with rotation of 
the rotor. 

FETE LLP, SEZ BA PAA AE a) He sy De e oh FA PSEA AS, BK 
A HE TL Te FG R FI Jr ALS BS R Sp BH LTP AS E EE EL EA ER IT TE AR ARGS o 


[2] Operation of these machines depends on the nonuniformity of air-gap reluctance associ- 























ated with variations in rotor position in conjunction with time-varying currents applied to their sta- 
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tor windings. 

RE BH LAY zs TAR TR FZ BE IY | GE BE EE BEL AS) SE PSE ELI ik 
AYA EMEH 

[3] For example, analysis of a DC machine shows that associated with both the rotor and 
the stator are magnetic flux distributions which are fixed in space and that the torque-producing 
characteristic of the dc machine stems from the tendency of these flux distributions to align. 

flO, OEE SHLAA, RE AF PA OUR ERE A, HESA PE 
Al aE AY DA Be Ei EHLE RE, AUR FRE BY a OP A 


[4] In AC machines such as synchronous or induction machines, the armature winding is 

















typically on the stationary portion of the motor referred to as the stator, in which case these wind- 
ings may also be referred to as stator windings. 

ZEE HE SOLAN [AG E oh DL IRR HL NL, HL AK SE A ie LB ft LE XR 
ay, MEF, KERERE FEA 

[5] In one type known as the simplex lap winding the end of one coil is connected to the be- 





ginning of the next coil with the two ends of each coil coming out at adjacent commutator seg- 
ments. 

PRERE, RER m RT SE ALY PAE. BEE BY a sg al GE He 
TEP PAB AS TE: 

[6] Therefore, there are only two parallel paths between the brushes, i. e. , a =2 independ- 
ent of the number of poles. 

PAC, PUR SEA EE, Hm AA SSC RB a =2, BERBER, 


[7] The outstanding advantages of DC machines arise from the wide variety of operating 





characteristics which can be obtained by selection of the method of excitation of the field wind- 


ings. 








ELI Ha SOLE SET Le TE, ESE Da RT RRE ARS a) 
ITT EEE 


[8] Separately-excited generators are often used in feedback control systems when control of 














the armature voltage over a wide range is required. 
Hm SE TEAL PY hl HL ASI AA ACHE LZ ES oe tll BSC PAA 


[9] The field may be connected in shunt with the armature (Fig. 11-4c), resulting in a 





shunt generator, or the field may be in two sections (Fig. 11-4d) , one of which is connected in 
series and the other in shunt with the armature, resulting in a compound generator. 

MERAH HBH (Fig. 11-4c) PEH AHL WMR ek SEE Hh PUT ad A ake 
(Fig. 11-4d), — P5 HAMS BKM TSI, UE I ACL 


[10] The advantage is that through the action of the series winding the flux per pole can in- 





crease with load, resulting in a voltage output which is nearly constant or which even rises some- 
what as load increases. 

IDA HLDLI CATE , eh eA EB IAS Wy ESE EA, FRR HY JT 
TTT ES J SAT Sp Ca FEL Ps er TE OY EE 38 BT TT 
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[11] A commutator typically consists of a set of copper segments, fixed around part of the 
circumference of the rotor, and a set of spring-loaded brushes fixed to the stationary frame of the 
machine. 

AE Tl ae A Ard PR Wi] FL Td iE PE PE, El) FES ae KE TA ee EF oh Lt 
JEER E, 


[12] Later materials research into polymers brought the development of plastic spacers which 








are more durable and less prone to cracking, and have a higher and more uniform breakdown volt- 
age than mica. 

ER, RRA WM BE Ae TARL, HR REE TINA, SEAR AS 
R, HERA megs aye aE Be, 

[13] On large industrial equipment, the commutator may be re-surfaced with abrasives, or 
the rotor may be removed from the frame, mounted in a large metal lathe , and the commutator re- 
surfaced by cutting it down to a smaller diameter. 

TERETE, Kark ares HRE, BRR TA E SIL PCH E 
TER AULA, WAK Pr AEK e A ER ri as BU ER TT AY BY 


[14] Armature MMF (magnetomotive force) has definite effects on both the space distribu- 











tion of the air-gap flux and the magnitude of the net flux per pole. 
EE ADK R SAR) BS PEEL FY E Ti] AF BR IS PASE ACB T AIR o 


[15] It was shown that the armature MMF wave can be closely approximated by a sawtooth, 




















corresponding to the wave produced by a finely-distributed armature winding or current sheet. 
HERTIL, FA Re Ase AY A GA VE rR, BF SSA n BY FA SEZ 
BETA TAB 


[16] The effect of the armature MMF is seen to be that of creating flux crossing the pole 





faces; thus its path in the pole shoes crosses the path of the main-field flux. 
BIRADAR aE a EE SE TE PRES, RE E PB RA 
45 EEG PAAR 


[17] The effect of cross-magnetizing armature reaction in decreasing the flux under one pole 














tip and increasing it under the other can be seen by comparing the solid and short-dash curves. 
ABLE EEA P R SAG A eG TA a, Se Ae BE LE Pt) F R 
MAMA — MRR 


[18] The distortion of the flux distribution caused by cross-magnetizing armature reaction 











may have a detrimental influence on the commutation of the armature current, especially if the dis- 
tortion becomes excessive. 
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Chapter 12 Three-Phase Induction Motors 


12.1 Introduction 


An AC machine is an electric machine that is driven by an alternating current. It consists of 
two basic parts, an outside stationary stator having coils supplied with alternating current to pro- 
duce a rotating magnetic field, and an inside rotor attached to the output shaft that is given a 
torque by the rotating field. 

There are two types of AC machines, depending on the type of rotor used. The first is the 
synchronous machine, which rotates exactly at the supply frequency or a submultiple of the supply 
frequency. The magnetic field on the rotor is either generated by current delivered through slip 
rings or by a permanent magnet. The second type is the induction machine, which turns slightly 
slower than the supply frequency. The magnetic field on the rotor of this motor is created by an in- 
duced current. 

In induction machines, alternating currents are applied directly to the stator windings. Rotor 
currents are then produced by induction. The induction machine may be regarded as a generalized 
transformer in which electric power is transformed between rotor and stator together with a change 
of frequency and a flow of mechanical power. va Although the induction motor is the most com- 
mon of all motors, it is seldom used as a generator; its performance characteristics as a generator 
are unsatisfactory for most applications, although in recent years it has been found to be well sui- 
ted for wind-power applications. The induction machine may also be used as a frequency changer. 

In the induction motor, the stator windings are 
essentially the same as those of a synchronous ma- 
chine. However, the rotor windings are electrically 
short-circuited and frequently have no external con- 
nections; currents are induced by transformer action 
from the stator winding. Several three-phase AC in- 
duction motors are shown in Fig. 12-1. The rotor 
“windings” are actually solid aluminum bars which 
are cast into the slots in the rotor and which are shor- 
ted together by cast aluminum rings at each end of the 


rotor. ‘*! This type of rotor construction results in in- 





duction motors which are relatively inexpensive and 
highly reliable, factors contributing to their immense Fig. 12-1 Three-Phase AC Induction Motors 


popularity and widespread application. 
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The armature flux in the induction motor leads that of the rotor and produces an electrome- 
chanical torque. In fact, we will see that, just as in a synchronous machine, the rotor and stator 
fluxes rotate in synchronism with each other and that torque is related to the relative displacement 
between them. |*! However, unlike a synchronous machine, the rotor of an induction machine does 
not itself rotate synchronously; it is the “slipping” of the rotor with respect to the synchronous ar- 
mature flux that gives rise to the induced rotor currents and hence the torque. Induction motors op- 


erate at speeds less than the synchronous mechanical speed. 


12.2 Construction of Three-Phase Induction Motors 


Where a polyphase electrical supply is available, the three-phase AC induction motor is com- 
monly used, especially for higher-powered motors. Like all rotating machines, the AC induction 
motor consists of two parts—stator and rotor. In the stator, the winding used is a balanced three- 
phase one, which means that the number of turns in each phase, connected in star/delta, is equal. 
The windings of the three phases are placed 120° (electrical) apart, the mechanical angle between 
the adjacent phases being (2 x 120°)/p, where p is the number of poles. For a 4-pole stator, the 
mechanical angle between the winding of the adjacent phases, is (2 x 120°)/4 = 120°/2 =60°. 
The conductors, mostly multi-turn, are placed in the slots, which may be closed, or semi-closed, 
to keep the leakage inductance low. The start and return parts of the winding are placed nearly 
180°, or (180° - 68) apart. The angle of short chording £ is nearly equal to 30°, or close to that 
value. The short chording results in reducing the amount of copper used for the winding, as the 
length of the conductor needed for overhang part is reduced. 

The section of the stampings used for both sta- | Slot for winding n | 
tor and rotor is shown in Fig. 12-2. The core is 
needed below the teeth to reduce the reluctance of | | 


the magnetic path, which carries the flux in the | | Stator 


motor. The stator is kept normally inside a support. Air gap 


There are two types of rotors used in induction i E E 
motors, squirrel cage and wound (slip-ring) one. 
The cage rotor (Fig. 12-3a) is mainly used, as itis | Slot for bars (rotor) 
cheap, rugged and needs little or no maintenance. Fig. 12-2 Section for Stamping of Stator 
It consists of copper bars placed in the slots of the and Rotor in Induction Motor 
rotor, short circuited at the two ends by end rings, 
brazed with the bars. The name is derived from the similarity between this rings-and-bars winding 
and a hamster wheel ( presumably similar wheels exist for pet squirrels) . [4] The core of the rotor 
is built of a stack of iron laminations (Fig. 12-3b). Fig. 12-3c shows only three laminations of the 
stack but many more are used. The currents in the bars of a cage rotor, inserted inside the stator, 
follow the pattern of currents in the stator winding, when the motor develops torque , such that the 


number of poles in the rotor is same as that in the stator. If the stator winding of motor is 


Chapter 12 Three-Phase Induction Motors 139 


changed, with the number of poles for the new one being different from the earlier one, the cage 
rotor used need not be changed, thus, can be same, as the current pattern in the rotor bars chan- 
ges. But the number of poles in the rotor due to the above currents in the bars is same as the num- 
ber of poles in the new stator winding. The only problem here is that the equivalent resistance of 
the rotor is constant. So, at the design stage, the value is so chosen, so as to obtain a certain val- 


ue of the starting torque, and also the slip at full load torque is kept within limits as needed. 





Fig. 12-3 Disassembled Induction Motor with Squirrel Cage Rotor on Its Shaft 


a) Squirrel Cage Rotor b) Rotor Laminations c) Diagram of the Squirrel-Cage 


The other type of rotor, i.e. , a wound rotor (slip ring) used has a balanced three-phase 
winding (Fig. 12-4) , being same as the stator winding, but the number of turns used depends on 
the voltage in the rotor. The three ends of the winding are brought at the three slip-rings, at which 
points external resistance can be inserted to increase the starting torque requirement. Other three 
ends are shorted inside. The motor with additional starting resistance is costlier, as this type of ro- 
tor is itself costlier than the cage rotor of same power rating, and additional cost of the starting re- 
sistance is incurred to increase the starting torque as required. But the slip at full load torque is 
lower than that of a cage rotor with identical rating, when no additional resistance is used, with di- 
rect short-circuiting at the three slip-ring terminals. For a wound (slip-ring) rotor, the rotor wind- 
ing must be designed for same the number of poles as used for the stator winding. If the number of 
poles in the rotor winding is different from that of poles in the stator winding, no torque will be 
developed in the motor. It may be noted that this was not the case with cage rotor, as explained 


earlier. 







Slip rings (copper rings) 


Rotor windings 
































Fig. 12-4 Wound Rotor (Slip Ring) of Induction Motor 


The wound rotor in Fig. 12-4 is shown as star-connected, whereas the rotor windings can also 
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be connected in delta, which can be converted into its equivalent star configuration. This shows 
that the rotor need not always be connected in star as shown. The number of rotor turns changes, 
as the delta-connected rotor is converted into star-connected equivalent. This point may be kept in 
mind, while deriving the equivalent circuit, if the additional resistance (being in star) is connect- 


ed through the slip rings, in series with the rotor winding. 


12.3 Principle of Operation 


The balanced three-phase winding of the stator is supplied with a balanced three-phase volt- 
age. The current in the stator winding produces a rotating magnetic field, the magnitude of which 
remains constant. The axis of the magnetic field rotates at a synchronous speed n, = (2f)/p, a 
function of the supply frequency f, and number of poles p in the stator winding. The magnetic 
flux lines in the air gap cut both stator and rotor (being stationary, as the motor speed is zero) 
conductors at the same speed. The EMFs in both stator and rotor conductors are induced at the 
same frequency, i.e. supply frequency, with the number of poles for both stator and rotor wind- 
ings (assuming wound one) being same. |°! The stator conductors are always stationary, with the 
frequency in the stator winding being same as supply frequency. As the rotor winding is short-cir- 
cuited at the slip-rings, current flows in the rotor windings. The electromagnetic torque in the mo- 
tor is in the same direction as that of the rotating magnetic field, due to the interaction between the 
rotating flux produced in the air gap by the current in the stator winding, and the current in the ro- 
tor winding. [6] This is as Lenz’s law, as the developed torque is in such direction that it will op- 
pose the cause, which results in the current flowing in the rotor winding. This is irrespective of the 
rotor type used cage or wound one, with the cage rotor, with the bars short-circuited by two end- 
rings, is considered equivalent to a wound one. ‘| The current in the rotor bars interacts with the 
air-gap flux to develop the torque, irrespective of the number of poles for which the winding in the 
stator is designed. Thus, the cage rotor may be termed as universal one. The induced EMF and 
the current in the rotor are due to the relative velocity between the rotor conductors and the rotating 
flux in the air-gap, which is maximum, when the rotor is stationary (n, =0) . [8] As the rotor 
starts rotating in the same direction, as that of the rotating magnetic field due to production of the 
torque as stated earlier, the relative velocity decreases, along with lower values of induced EMF 
and current in the rotor. If the rotor speed is equal that of the rotating magnetic field, which is 
termed as synchronous speed, and also in the same direction, the relative velocity is zero, which 
causes both the induced EMF and current in the rotor to be reduced to zero. Under this condition, 
torque will not be produced. So, for production of positive (motoring) torque, the rotor speed 
must always be lower than the synchronous speed. The rotor speed is never equal to the synchro- 
nous speed in an induction motor. The rotor speed is determined by the mechanical load on the 
shaft and the total rotor losses, mainly comprising of copper loss. 

The difference between the synchronous speed and rotor speed, expressed as a ratio of the 


synchronous speed, is termed as ‘slip’ in an induction motor. So, slip s is 
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n, -n n 
*=1]1-— or, n,=(1-s)n, (12-1) 


s Ss 


where, n, and n, are synchronous and rotor speeds in r/s. Normally, for torques varying from no- 





load ( = zero) to full load value, the slip is proportional to torque. The slip at full load is 4% - 
5%. 

An alternative explanation for the production of torque in a three-phase induction motor is 
given here, using two rules (right hand and left hand) of Fleming. The stator and rotor, along 
with air-gap, is shown in Fig. 12-5a. Both stator and rotor is shown there as surfaces, but without 
the slots. Also shown is the path of the flux in the air gap. This is for a section, which is under 
North Pole, as the flux lines move from stator to rotor. The rotor conductor shown in the figure is 
at rest, i.e. , zero speed (stand-still). The rotating magnetic field moves past the conductor at 
synchronous speed in the clockwise direction. Thus, there is relative movement between the flux 
and the rotor conductor. Now, if the magnetic field, which is rotating, is assumed to be at stand- 
still as shown in Fig. 12-5b, the conductor will move in the direction shown. So, an EMF is in- 
duced in the rotor conductor as Faraday’s law, due to change in flux linkage. The direction of the 


induced EMF as shown in the figure can be determined using Fleming’s right hand rule. 
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Fig. 12-5 Production of Torque 


As described earlier, the rotor bars in the cage rotor are short circuited via end rings. Similar- 
ly, in the wound rotor, the rotor windings are normally short-circuited externally via the slip 
rings. [°] In both cases, as EMF is induced in the rotor conductor (bar) , current flows there, as it 
is short circuited. The flux in the air gap, due to the current in the rotor conductor is shown in 
Fig. 12-5c. The flux pattern in the air gap, due to the magnetic fields produced by the stator wind- 
ings and the current carrying rotor conductor, is shown in Fig. 12-5d. The flux lines bend as 
shown there. The property of the flux lines is to travel via shortest path as shown in Fig. 12-5a. If 


the flux lines try to move to form straight line, then the rotor conductor has to move in the direc- 
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tion of the rotating magnetic field, but not at the same speed, as explained earlier. ''°! The current 
carrying rotor conductor and the direction of flux are shown in Fig. 12-Se. It is known that force is 
produced on the conductor carrying current, when it is placed in a magnetic field. The direction of 
the force on the rotor conductor is obtained by using Fleming’s left hand rule, being same as that 
of the rotating magnetic field. Thus, the rotor experiences a motoring torque in the same direction 
as that of the rotating magnetic field. This briefly describes how torque is produced in a three- 


phase induction motor. 


12.4 Equivalent Circuit 


In this derivation, only machines with symmetric polyphase windings excited by balanced 
polyphase voltages are considered. As in many other discussions of polyphase devices, it is helpful 
to think of three-phase machines as being Y-connected, so that currents are always line values and 
voltages always line-to-neutral values. In this case, we can derive the equivalent circuit for one 
phase, with the understanding that the voltages and currents in the remaining phases can be found 
simply by an appropriate phase shift of those of the phase under study ( +120 ° in the case of a 
three-phase machine). 

First, consider conditions in the stator. The synchronously-rotating air-gap flux wave gener- 
ates balanced polyphase counter EMFs in the phases of the stator. The stator terminal voltage dif- 


fers from the counter EMF by the voltage drop in the stator leakage impedance Z, = R, + jX,. Thus 
V, =È, +1,(R, +5X,) (12-2) 
Where V, is stator line-to-neutral terminal voltage; E, is counter EMF (line-to-neutral) generated 


by the resultant air-gap flux, Z, is stator current; R, is stator effective resistance; X, is stator leak- 
age reactance. 


The polarity of the voltages and currents are shown in the equivalent circuit of Fig. 12-6. 


Ri x b 











Fig. 12-6 Stator Equivalent Circuit for a Polyphase Induction Motor 


The resultant air-gap flux is created by the combined MMF’s of the stator and rotor currents. 


The stator current can be resolved into two components: a load component and an exciting ( mag- 
netizing) component. The load component 1, produces an MMF that corresponds to the MMF of 


the rotor current. The exciting component /, is the additional stator current required to create the 
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resultant air-gap flux and is a function of the EMF E£,. The exciting current can be resolved into a 


core-loss component 1, in phase with È, and a magnetizing component i lagging E, by 90°. In the 


equivalent circuit, the exciting current can be accounted for by means of a shunt branch, formed 


by a core-loss resistance R, and a magnetizing reactance X,, in parallel, connected across E, , as 
shown in Fig. 12-6. O Both R, and X,, are usually determined at rated stator frequency and for a 
value of E, close to the expected operating value; they are then assumed to remain constant for the 
small departures of E, associated with normal operation of the motor. 

The equivalent circuit representing stator phenomena is exactly like that used to represent the 
primary of a transformer. To complete our model, the effects of the rotor must be incorporated. 
From the point of view of the stator equivalent circuit of Fig. 12-6, the rotor can be represented by 


an equivalent impedance Z, 
(12-3) 


corresponding to the leakage impedance of an equivalent stationary secondary. To complete the 
equivalent circuit, we must determine Z, by representing the stator and rotor voltages and currents 
in terms of rotor quantities as referred to the stator. |”! 

From the point of view of the primary, the secondary winding of a transformer can be re- 
placed by an equivalent secondary winding having the same number of turns as the primary wind- 
ing. In a transformer where the turns ratio and the secondary parameters are known, this can be 
done by referring the secondary impedance to the primary by multiplying it by the square of the 


‘31 The resultant equivalent circuit is perfectly general from the 


primary-to-secondary turns ratio. 
point of view of primary quantities. 

Similarly , in the case of a polyphase induction motor, if the rotor were to be replaced by an 
equivalent rotor with a polyphase winding with the same number of phases and turns as the stator 
but producing the same MMF and air gap flux as the actual rotor, the performance as seen from 
the stator terminals would be unchanged. This concept, which we will adopt here, is especially 


‘ 


useful in modeling squirrel-cage rotors for which the identity of the rotor “phase windings” is in 
no way obvious. 

The rotor of an induction machine is short-circuited, and hence the impedance seen by in- 
duced voltage is simply the rotor short-circuit impedance. Consequently the relation between the 


slip-frequency leakage impedance Z,, of the equivalent rotor and the slip-frequency leakage imped- 





ance Zoor of the actual rotor must be 
E,, 2 rotor 2 
Zas Za ~ Nese è = NeseZ rotor ( 12-4 ) 
I, Tiaro 


where Np is the effective turns ratio between the stator winding and that of the actual rotor wind- 
ing. Here the subscript 2s refers to quantities associated with the referred rotor. Thus E,, is the 


voltage induced in the equivalent rotor by the resultant air-gap flux, and Z, is the corresponding in- 
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duced current. 

When one is concerned with the actual rotor currents and voltages, the turns ratio Npp must be 
known in order to convert back from equivalent-rotor quantities to those of the actual rotor. How- 
ever, for the purposes of studying induction-motor performance as seen from the stator terminals, 
there is no need for this conversion and a representation in terms of equivalent-rotor quantities is 
fully adequate. Thus an equivalent circuit based upon equivalent-rotor quantities can be used to re- 
present both coil-wound and squirrel-cage rotors. 

Having taken care of the effects of the stator-to-rotor turns ratio, we next must take into ac- 
count the relative motion between the stator and the rotor with the objective of replacing the actual 
rotor and its slip-frequency voltages and currents with an equivalent stationary rotor with stator-fre- 
quency voltages and currents. Consider first the slip-frequency leakage impedance of the referred 


rotor. 


Zo, =- =R, + jsX, (12-5) 





Where R, is referred rotor resistance, sX, is referred rotor 
leakage reactance at slip frequency Note that here X, has 
been defined as the referred rotor leakage reactance at 
stator frequency f,. Since the actual rotor frequency f, = 


sf., it has been converted to the slip-frequency reactance 





simply by multiplying by the slip s. The slip-frequency 
equivalent circuit of one phase of the referred rotor is Fig. 12-7 Rotor Equivalent Circuit for a 
shown in Fig. 12-7. This is the equivalent circuit of the Polyphase Induction Motor at Slip Frequency 
rotor as seen in the slip-frequency rotor reference frame. 


We next observe that the resultant air-gap mmf wave is produced by the combined effects of 
the stator current Ì , and the equivalent load current i . Similarly, it can be expressed in terms of 
the stator current and the equivalent rotor current Lys These two currents are equal in magnitude 


since J, is defined as the current in an equivalent rotor with the same number of turns per phase as 


the stator. Because the resultant air-gap mmf wave is determined by the phasor sum of the stator 


current and the rotor current of either the actual or equivalent rotor , i and i. must also be equal in 
phase (at their respective electrical frequencies) and hence we can write 
L,=1, (12-6) 


Finally, consider that the resultant flux wave induces both the slip-frequency emf induced in 


the referred rotor E,, and the stator counter EMF E, . If it were not for the effect of speed, these 
voltages would be equal in magnitude since the referred rotor winding has the same number of 
turns per phase as the stator winding. However, because the relative speed of the flux wave with 
respect to the rotor is s times its speed with respect to the stator, the relation between these emfs is 

E,, = sE, (12-7) 
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We can furthermore argue that since the phase angle between each of these voltages and the result- 
ant flux wave is 90°, then these two voltages must also be equal in a phasor sense at their respec- 


tive electrical frequencies. Hence 








E,, =sE, (12-8) 
Division of Eq. 12-7 by Eq. 12-6 and use of Eq. 12-5 then gives 
È, sE, l 
~=- = =R, + jsX, (12-9) 
I, I, 
Division by the slip s then gives 
E, R 
Z =a +X, (12-10) 
L 


We have achieved our objective. Z, is the impedance of the equivalent stationary rotor which ap- 
pears across the load terminals of the stator equivalent circuit of Fig. 12-6. The final result is 
shown in the single-phase equivalent circuit of Fig. 12-8. The combined effect of shaft load and 
rotor resistance appears as a reflected resistance R,/s, a function of slip and therefore of the me- 


[14 


chanical load. ''! The current in the reflected rotor impedance equals the load component 1, of sta- 


tor current; the voltage across this impedance equals the stator voltage E,. Note that when rotor 
currents and voltages are reflected into the stator, their frequency is also changed to stator frequen- 
cy. All rotor electrical phenomena, when viewed from the stator, become stator-frequency phe- 
nomena, because the stator winding simply sees MMF and flux waves traveling at synchronous 


speed. l'5? 

















Fig. 12-8 Single-Phase Equivalent Circuit for a Polyphase Induction Motor 


New Words and Expressions 


1. slip ring IK 8. full load PR 

2. in synchronism with +-+- BBA 9. standstill adj. HEN 

3. hamster n. (ER 10. leakage impedance Ja SH Ait 
4. wound rotor T 11. in phase [FJ AH 

5. squirrel rotor AU" 12. out of phase FAH 

6. irrespective of 5M, AE 13. polyphase n. 4TH 

7. no load 24% 14. resultant adj. Gay 
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Notes 


[1] The induction machine may be regarded as a generalized transformer in which electric 
power is transformed between rotor and stator together with a change of frequency and a flow of 
mechanical power. 

REDI WA Ar EE AE TER “ABR” P, HAR TERE, 
FEF CMB, HEE AR HY AE PLR H o 


[2] The rotor “windings” are actually solid aluminum bars which are cast into the slots in 





the rotor and which are shorted together by cast aluminum rings at each end of the rotor. 
HEP GEA SK IR E E GEG ERG FP SU AR, AEG 2 a Le i HS E Ae i P 
FEL 


[3] In fact, we will see that, just as in a synchronous machine, the rotor and stator fluxes 
































rotate in synchronism with each other and that torque is related to the relative displacement be- 
tween them. 

KRE, BAVA SE, SACHA, Fe Pe Fe IR) EY, PEE 
KNAW E ZT] AREAK. 


[4] The name is derived from the similarity between this rings-and-bars winding and a ham- 





ster wheel (presumably similar wheels exist for pet squirrels). 

Fk AR An 2 SEA PE (ES FE A BLESS) KARATE, 
BUA A Oh FE HE F 

[5] The EMFs in both stator and rotor conductors are induced at the same frequency, i. e. 
supply frequency, with the number of poles for both stator and rotor windings (assuming wound 
one) being same. 

ES RA STS (BEART) WREE, EF, FAR SRR 
HAS (BERI) WEDA, 

[6] The electromagnetic torque in the motor is in the same direction as that of the rotating 
magnetic field, due to the interaction between the rotating flux produced in the air gap by the cur- 
rent in the stator winding, and the current in the rotor winding. 

EIHP HYE REFRE ST ERRA E, EFRA H iE T H E EARE EY 
JETE WEDS Fe T RA E A EEE o 

[7] This is irrespective of the rotor type used cage or wound one, with the cage rotor, with 
the bars short-circuited by two end-rings, is considered equivalent to a wound one. 

SANSA, TETRA a L,I SEARS 
FEAT 


[8] The induced EMF and the current in the rotor are due to the relative velocity between 





the rotor conductors and the rotating flux in the air-gap, which is maximum, when the rotor is sta- 
tionary (n, =0). 

PeT P RRR E SAS h E T AR Sj BR ERR PRE A a AE, RIED (n, 
=0) Jeni He oh 54 FN OA 
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[9] As described earlier, the rotor bars in the cage rotor are short circuited via end rings. 
Similarly , in the wound rotor, the rotor windings are normally short-circuited externally via the 
slip rings. 

URTE, FEM PR RA a LS, KWA, BREET SEI Fe BY E 
HE 


[10] Tf the flux lines try to move to form straight line, then the rotor conductor has to move 








in the direction of the rotating magnetic field, but not at the same speed, as explained earlier. 
WR RE HI ik AI MZ, IMAR TEAU E SERRA E, (EE 
AE NSPE, TERA SCT REA AB EE 


[11] In the equivalent circuit, the exciting current can be accounted for by means of a shunt 











branch, formed by a core-loss resistance R, and a magnetizing reactance X,, in parallel, connected 


across E, , as shown in Fig. 12-6. 
FES ORL TP, SELES SCOR TP Se Si Te FL Bit EZ Mn], RSS PE HL RE RA 
ARED X, FRADE REE È PD, WE 12-6 HR. 


[12] To complete the equivalent circuit, we must determine Z, by representing the stator and 











rotor voltages and currents in terms of rotor quantities as referred to the stator. 
Fy SFE BUSS CLS, REIED Pe TA ye E PTS BUD J BY ee FY 
FEL As FEL Yat DA iT fA EBDE Z, o 


[13] In a transformer where the turns ratio and the secondary parameters are known, this 











can be done by referring the secondary impedance to the primary by multiplying it by the square of 
the primary-to-secondary turns ratio. 

TERA, CAME BCE AY MAWE Te] — A EZ 
Ue AM PEHE EAR VA E EE ASAE FT RE 


[14] The combined effect of shaft load and rotor resistance appears as a reflected resistance 





R,/s, a function of slip and therefore of the mechanical load. 
aa Dh ie AS T HELA Se R/s BRE ECR, EE EY PRC, AE 
He DL DK A AY KZ 


[15] All rotor electrical phenomena, when viewed from the stator, become stator-frequency 





phenomena, because the stator winding simply sees MMF and flux waves traveling at synchronous 
speed. 

“NGE TARDE AIN , STAR PAY HERR AEN ETERA, AE TRAER oh 
PU fea UJE f PE WA) a> FS RIE PH o 
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13.1 Introduction 


In synchronous machines, rotor-winding currents are supplied directly from the stationary 
frame through a rotating contact. A direct current is applied to the rotor winding, which then pro- 
duces a rotor magnetic field. The rotor is then turned by a prime mover (eg. steam, water, etc. ) 
producing a rotating magnetic field. This rotating magnetic field induces a 3-phase set of voltages 
within the stator windings of the synchronous generator. 

“Field windings” applies to the windings that produce the main magnetic field in a machine, 
and “armature windings” applies to the windings where the main voltage is induced. For synchro- 
nous machines, the field windings are on the rotor, so the terms “rotor windings” and “field 
windings” are used interchangeably. ‘'] The rotor of a synchronous generator is a large electromag- 
net and the magnetic poles on the rotor can either be salient or non salient construction. Non-sali- 
ent pole rotors are normally used for rotors with 2 or 4 poles rotor, while salient pole rotors are 
used for 4 or more poles rotor. k2] 

Adirect current must be supplied to the field circuit on the rotor. Since the rotor is rotating, a 
special arrangement is required to get the DC power to its field windings. The common ways are: 
(Supply the DC power from an external DC source to the rotor by means of slip rings and bru- 
shes; 2)Supply the DC power from a special DC power source mounted directly on the shaft of the 
synchronous generator. Slip rings are metal rings completely encircling the shaft of a machine but 
insulated from it. One end of the DC rotor winding is tied to each of the 2 slip rings on the shaft 
of the synchronous machine, and a stationary brush rides on each slip ring. A “brush” is a block 
of graphite-like carbon compound that conducts electricity freely but has very low friction, hence it 
doesn’t wear down the slip ring. If the positive end of a DC voltage source is connected to one 
brush and the negative end is connected to the other, then the same DC voltage will be applied to 
the field winding at all times regardless of the angular position or speed of the rotor. 3! Some prob- 
lems with slip rings and brushes: 

1) They increase the amount of maintenance required on the machine, since the brushes must 
be checked for wear regularly. 

2) Brush voltage drop can be the cause of significant power losses on machines with larger 
field currents. 

Small synchronous machines use slip rings and brushes, and larger machines use brushless ex- 
citers are used to supply the DC field current. A brushless exciter is a small AC generator with its 


field circuit mounted on the stator and its armature circuit mounted on the rotor shaft. '*! The 
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3-phase output of the exciter generator is rectified to direct current by a 3-phase rectifier circuit al- 
so mounted on the shaft of the generator, and is then fed to the main DC field circuit. By control- 
ling the small DC field current of the exciter generator (located on the stator) , we can adjust the 
field current on the main machine without slip rings and brushes. Since no mechanical contacts oc- 
cur between the rotor and stator, a brushless exciter requires less maintenance. To make the exci- 
tation of a generator completely independent of any external power sources, a small pilot exciter 
can be used. A pilot exciter is a small AC generator with permanent magnets mounted on the rotor 
shaft and a 3-phase winding on the stator. It produces the power for the field circuit of the exciter, 
which in turn controls the field circuit of the main machine. If a pilot exciter is included on the 


generator shaft, then no external electric power is required. 


13.2 Principle of Operation 


A preliminary picture of synchronous machine performance can be gained by discussing the 
voltage induced in the armature of the very much simplified salient-pole AC synchronous generator 
shown schematically in Fig. 13-1. [5] The field-winding of this machine produces a single pair of 
magnetic poles (similar to that of a bar magnet) , and hence this machine is referred to as a two- 
pole machine. 


With rare exceptions, the armature winding Armature-winding 


magnetic axis 







of a synchronous machine is on the stator, and the 
field winding is on the rotor, as is true for the Field winding 
simplified machine of Fig. 13-1. The field winding 
is excited by direct current conducted to it by 
means of stationary carbon brushes which contact 
rotating slip rings or collector rings. ‘°! Practical 
factors usually dictate this orientation of the two 
windings: It is advantageous to have the single, 
low-power field winding on the rotor while having 


the high-power, typically multiple-phase, and ar- 







Stator 


~ — — 


mature winding on the stator. 
The armature winding, consisting here of on- 


Fig. 13-1 Schematic View of a Simple Two-Pole, 
ly a single coil ofN turns, is indicated in cross 


Single-Phase Synchronous Generator 
section by the two coil sides a and -a placed in 

diametrically opposite narrow slots on the inner periphery of the stator of Fig. 13-1. The conduc- 
tors forming these coil sides are parallel to the shaft of the machine and are connected in series by 
end connections (not shown in the figure). The rotor is turned at a constant speed by a source of 
mechanical power connected to its shaft. The armature winding is assumed to be open-circuited 
and hence the flux in this machine is produced by the field winding alone. Flux paths are shown 


schematically by dashed lines in Fig. 13-1. 
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A highly idealized analysis of this machine would assume a sinusoidal distribution of magnetic 
flux in the air gap. The resultant radial distribution of air-gap flux density B is shown in Fig. 13-2a 
as a function of the spatial angle 6, (measured with respect to the magnetic axis of the armature 
winding) around the rotor periphery. 1 Tn practice, the air-gap flux-density of practical salient- 
pole machines can be made to approximate a sinusoidal distribution by properly shaping the pole 
faces. 

As the rotor rotates, the flux-linkages of the armature winding change with time. Under the 
assumption of a sinusoidal flux distribution and constant rotor speed, the resulting coil voltage will 
be sinusoidal in time as shown in Fig. 13-2b. The coil voltage passes through a complete cycle for 
each revolution of the two-pole machine of Fig. 13-1. Its frequency in cycles per second (Hz) is 
the same as the speed of the rotor in revolutions per second: the electric frequency of the generated 
voltage is synchronized with the mechanical speed, and this is the reason for the designation “ syn- 
chronous” machine. '*’ Thus a two-pole synchronous machine must revolve at 3, 600 revolutions 


per minute to produce a 60 Hz voltage. 


B e 


(0) 2n Og O t 


a) b) 
Fig. 13-2 Generated Voltage for the Single-Phase Generator of Fig. 13-1 


a) Space Distribution of Flux Density b) Corresponding Waveform 


When a machine has more than two poles, it is convenient to concentrate on a single pair of 
poles and to recognize that the electric, magnetic, and mechanical conditions associated with every 
other pole pair are repetitions of those for the pair under consideration. [°] For this reason it is con- 
venient to express angles in electrical degrees or electrical radians rather than in physical units. 
One pair of poles in a multipole machine or one cycle of flux distribution equals 360 electrical de- 
grees or 2 7 electrical radians. Since there are p/2 complete wavelengths, or cycles, in one com- 


plete revolution, it follows, for example, that 


Dae = (2). (13-1) 


where @,, is the angle in electrical units and 60, is the spatial angle. This same relationship applies 
to all angular measurements in a multipole machine; their values in electrical units will be equal to 
(poles/2) times their actual spatial values. 

The coil voltage of a multipole machine passes through a complete cycle every time a pair of 
poles sweeps by, or (p/2) times each revolution. The electrical frequency f, of the voltage gener- 


ated in a synchronous machine is therefore 


f= B- Hz (13-2) 
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where n is the mechanical speed in revolutions per minute, and hence n/60 is the speed in revolu- 
tions per second. The electrical frequency of the generated voltage in radians per second is w, = 
(p/2)q@,, where w,, is the mechanical speed in radians per second. 

The rotors shown in Fig. 13-1 have salient, or pro- 
jecting , poles with concentrated windings. Fig. 13-3 shows 
diagrammatically a nonsalient-pole, or cylindrical rotor. 
The field winding is a two-pole distributed winding; the 
coil sides are distributed in multiple slots around the rotor 
periphery and arranged to produce an approximately sinu- 
soidal distribution of radial air-gap flux. Pie 

The relationship between electrical frequency and ro- 
tor speed of Equation 13-2 can serve as a basis for under- 


standing why some synchronous generators have salient- 





pole rotor structures while others have cylindrical rotors. 
Fig. 13-3 Elementary Two-Pole 


Most power systems in the world operate at frequencies of 
Cylindrical-Rotor Field Winding 


either 50 Hz or 60 Hz. A salient-pole construction is char- 


acteristic of hydroelectric generators because hydraulic turbines operate at relatively low speeds, 
and hence a relatively large number of poles is required to produce the desired frequency ; the sali- 


[11 


ent-pole construction is better adapted mechanically to this situation. '''! The rotor of a large hydro- 
electric generator is shown in Fig. 13-4. Steam turbines and gas turbines, however, operate best at 
relatively high speeds, and turbine-driven alternators or turbine generators are commonly two- or 
four-pole cylindrical-rotor machines. The rotors are made from a single steel forging or from sev- 


eral forgings, as shown in Fig. 13-5. 








Fig. 13-4 Water-Cooled Rotor of 190-MVA Hydroelectric Generator 
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Fig. 13-5 Rotor of a Two-Pole 3, 600 r/min Turbine Generator 


Most of the world’s power systems are three-phase systems and, as a result, with very few 
exceptions, synchronous generators are three-phase machines. For the production of a set of three 
voltages phase-displaced by 120 electrical degrees in time, a minimum of three coils phase-dis- 
placed 120 electrical degrees in space must be used. PAL A simplified schematic view of a three- 
phase , two-pole machine with one coil per phase is shown in Fig. 13-6a. The three phases are des- 
ignated by the letters a, b, and c. In an elementary four-pole machine, a minimum of two such 
sets of coils must be used, as illustrated in Fig. 13-6b; in an elementary multipole machine, the 
minimum number of coils sets is given by one half the number of poles. 

The two coils in each phase of Fig. 13-6b are connected in series so that their voltages add, 
and the three phases may then be either Y-or A-connected. Fig. 13-6c shows how the coils may 
be interconnected to form a Y connection. Note however, since the voltages in the coils of each 
phase are identical, a parallel connection is also possible, e. g. , coil (a, -a) in parallel with 


coil (a’, -a’), and so on. 








Fig. 13-6 Schematic Views of Three-Phase Generators 
a) Two-Pole b) Four-Pole c) Y Connection of the Windings 


When a synchronous generator supplies electric power to a load, the armature current creates 
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a magnetic flux wave in the air gap which rotates at synchronous speed. This flux reacts with the 
flux created by the field current, and electromechanical torque results from the tendency of these 


[3] In a generator this torque opposes rotation, and mechanical torque 


two magnetic fields to align. 
must be applied from the prime mover to sustain rotation. This electromechanical torque is the 
mechanism through which the synchronous generator converts mechanical to electric energy. 

The counterpart of the synchronous generator is the synchronous motor. Alternating current is 
supplied to the armature winding on the stator, and DC excitation is supplied to the field winding 
on the rotor. The magnetic field produced by the armature currents rotates at synchronous speed. 
To produce a steady electromechanical torque, the magnetic fields of the stator and rotor must be 
constant in amplitude and stationary with respect to each other. In a synchronous motor, the 
steady-state speed is determined by the number of poles and the frequency of the armature cur- 
rent. '* Thus a synchronous motor operated from a constant-frequency AC source will operate at a 
constant steady-state speed. 

In a motor the electromechanical torque is in the direction of rotation and balances the oppo- 
sing torque required to drive the mechanical load. The flux produced by currents in the armature of 
a synchronous motor rotates ahead of that produced by the field, thus pulling on the field ( and 
hence on the rotor) and doing work. |! This is the opposite of the situation in a synchronous gen- 
erator, where the field does work as its flux pulls on that of the armature, which is lagging be- 
hind. In both generators and motors, an electromechanical torque and a rotational voltage are pro- 


duced. These are the essential phenomena for electromechanical energy conversion. 


New Words and Expressions 





1. prime mover Ji ah#L 9. electrical degree "E ff HE 

2. salient rotor motor AFL SIAL 10. spatial angle 45/4] fff 

3. cylindrical rotor motor [RAFAL 11. air-gap flux A MEHM 

4. graphite n. 47 12. hydroelectric generator 7K AJA HAL 
5. regardless of 5i; ANTE 13. steam turbine /V4CHL 

6. exciter n. J REAL 14. steel forging #M Berm 

7. rectifier circuit #4 yi 4y HLS 15. in parallel with +--+ Eft 

8. pilot exciter MIJ REWL 


Notes 


[1] For synchronous machines, the field windings are on the rotor, so the terms “ rotor 
windings” and “field windings” are used interchangeably. 

FEFE, FA mee ER, Al “PETRA” A EEL” PY 
ARE CE ALFA FY LAER 

[2] Non-salient pole rotors are normally used for rotors with 2 or 4 poles rotor, while salient 


pole rotors are used for 4 or more poles rotor. 


Be Fil eA 2 Be 4 BR, TR Pa PE 4 Ee 
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[3] If the positive end of a DC voltage source is connected to one brush and the negative 
end is connected to the other, then the same DC voltage will be applied to the field winding at all 
times regardless of the angular position or speed of the rotor. 

WAR ELTA A DRAG TE. Cig oP Se Be CE PS ee ll LE, BAAS E eT A fA A BE e R N 
(T, DRESE n FY FEL SR ee SE at HH, SLA] 


[4] A brushless exciter is a small AC generator with its field circuit mounted on the stator 











and its armature circuit mounted on the rotor shaft. 
— TC il ay GL a FP GB EC Re LE ee ETT EL AS Ee EB 80 ts 
EHL, 


[5] A preliminary picture of synchronous machine performance can be gained by discussing 





the voltage induced in the armature of the very much simplified salient-pole AC synchronous gen- 
erator shown schematically in Fig. 13-1. 

WE 13-1 Bray, itre — ASEA fE AE Bh ee V E] 2 A E WL E A HE H E JR B JE 
H AWE fie TAG Ae HL PE BE 


[6] The field winding is excited by direct current conducted to it by means of stationary car- 








bon brushes which contact rotating slip rings or collector rings. 
HBL TE Tee YS A A HP He fe Fld CEL at E AER SEAL, 


[7] The resultant radial distribution of air-gap flux density B is shown in Fig. 13-2a as a 








function of the spatial angle 6, (measured with respect to the magnetic axis of the armature wind- 
ing) around the rotor periphery. 
Al 13-2a han SARA RR BE tp ZS AAA OW PEA 


[8] Its frequency in cycles per second (Hz) is the same as the speed of the rotor in revolu- 














tions per second: the electric frequency of the generated voltage is synchronized with the mechani- 
cal speed, and this is the reason for the designation “synchronous” machine. 

ERS (Hz) SRP BERD IR BO Te] MAh LB He BR SG Le EU] AG X 
BE ATARNMEA “FE” REIRA., 

[9] When a machine has more than two poles, it is convenient to concentrate on a single 
pair of poles and to recognize that the electric, magnetic, and mechanical conditions associated 
with every other pole pair are repetitions of those for the pair under consideration. 

SHALE BG PI, Fy T AEN WA a TR PHL RAR, AA 
MIRAT FAS TEU 1 SE 1K OY FY HES, 


[10] The field winding is a two-pole distributed winding; the coil sides are distributed in 





multiple slots around the rotor periphery and arranged to produce an approximately sinusoidal dis- 
tribution of radial air-gap flux. 

WRB ET PUR AB SEAA ; Ze Pad An TER Fed et, PAE PI LIE 5X 
Sy ABS 4R [a] BER HAE, 


[11] A salient-pole construction is characteristic of hydroelectric generators because hydrau- 























lic turbines operate at relatively low speeds, and hence a relatively large number of poles is re- 


quired to produce the desired frequency; the salient-pole construction is better adapted mechanical- 
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ly to this situation. 

THE BELLA FS RF EA A LIS 1 RIE BTR, PE eS HY 
BOVE HL TW ies BEBE A, AZ PE a EE IK SE TL 

[12] For the production of a set of three voltages phase-displaced by 120 electrical degrees 
in time, a minimum of three coils phase-displaced 120 electrical degrees in space must be used. 

Wy PPE SPT AHM 120° RAS, Bie bri Be = S23 M EH 120° HFA BE AAR Pe 

[13] This flux reacts with the flux created by the field current, and electromechanical torque 
results from the tendency of these two magnetic fields to align. 

Te He a Dd He EL Dk A) RAA ED, WE PEIE RI F A A AS i STK TA TF BY 
ay, 


[14] In a synchronous motor, the steady-state speed is determined by the number of poles 








and the frequency of the armature current. 
Te BAZ DLP, E LAT A E RR ES ASI TT BE 


[15] The flux produced by currents in the armature of a synchronous motor rotates ahead of 





that produced by the field, thus pulling on the field (and hence on the rotor) and doing work. 
EA E AL) BERAE IF HP I, eH RT) eR IF 
D 


Chapter 14 Transformers 


14.1 Introduction 


Transformers are one of the most important components of any power system. It basically 
changes the level of voltages from one value to the other at constant frequency. Being a static ma- 
chine the efficiency of a transformer could be as high as 99%. 

Big generating stations are located at hundreds or more kilometres away from the load center 
(where the power will be actually consumed). Long transmission lines carry the power to the load 
centre from the generating stations. Generator is a rotating machines and the level of voltage at 
which it generates power is limited to several kilo volts only a typical value is 11 kV. To transmit 
large amount of power (several thousands of mega watts) at this voltage level means large amount 
of current has to flow through the transmission lines. ''! The cross sectional area of the conductor 
of the lines accordingly should be large. Hence cost involved in transmitting a given amount of 
power rises many folds. The transmission lines have their own resistances. This huge amount of 
current will cause tremendous amount of power loss or Fr loss in the lines. This loss will simply 
heat the lines and becomes a wasteful energy. In other words, efficiency of transmission becomes 
poor and cost involved is high. 

The above problems may be addressed if we could transmit power at a very high voltage, at 
200 kV or 400 kV or even higher at 800 kV. But as pointed out earlier, a generator is incapable of 
generating voltage at these levels due to its own practical limitation. The solution to this problem is 
to use an appropriate step-up transformer at the generating station to bring the transmission voltage 
level at the desired value as depicted in Fig. 14-1 where for simplicity single phase system is shown 
to understand the basic idea. |”! Obviously when power reaches the load centre, one has to step 
down the voltage to suitable and safe values by using transformers. Thus transformers are an inte- 
gral part in any modern power system. Transformers are located in places called substations. In 
cities or towns you must have noticed transformers are installed on poles—these are called pole 


mounted distribution transformers. 


Long transmission line 











Lkv 400kV tans 
Step up Step down 
transformer transformer 


Fig. 14-1 A Simple Single Phase Power System 
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14.2 Transformer Construction 


A transformer consists essentially of a laminated iron core linked with two windings of insula- 
ted wire. Its action depends upon the mutual induction which takes place between these two wind- 
ings. Power is supplied to one of them at a definite frequency and voltage and is taken from the 
other at the same frequency but generally at a different voltage. The ratio of the two voltages de- 
pends upon the relative number of turns in the two windings. The winding to which power is sup- 
plied is called the primary; the other, which delivers power to the receiving circuit, is called the 
secondary. |°! Either will serve equally well as primary or as secondary. If the primary winding has 
more turns than the secondary winding, the voltage will be lowered and the transformer is called a 
step-down transformer. [4] Tf the secondary winding had the greater number of turns, the voltage 
will be raised and the transformer is called a step-up transformer. 

There are two more or less distinct types of transformers which differ in the relative positions 
occupied by the windings and the iron core. These are the core and the shell types. The two types 
of transformers are shown in their simplest forms in Fig. 14-2. In the core type the windings envel- 
op a considerable part of the magnetic circuit, while in the shell type the magnetic circuit envelops 
a considerable portion of the windings. [5] As a result of these differences, the core type of trans- 
former, as compared with the shell type, has a core of small cross-section and long mean length 
and windings of a relatively great number of turns of small mean length. For a given output and 
voltage rating, the core type will contain less iron but more copper than the shell type. By proper 
design both types of transformers may be made to have essentially the same electrical characteris- 
tics, but when designed for approximately the same flux densities and current densities in the cop- 
per, the shell type of the two will have the larger iron loss and the smaller copper loss. ‘°! The al- 
most universal use during the last few years of silicon steel sheet with its small iron loss for the 
cores of transformers has made design favor the shell type of transformer in the majority of cases. 
The shell type is the better for large transformers as it permits better bracing of the coils against 
displacements caused by short-circuits. ‘’! Under normal conditions the stresses between the wind- 
ings and between successive turns of transformers are low, but at times of short-circuit they may 
be very great. A modern transformer may give from 25 to 50 times its full-load current on short- 
circuit if full voltage is maintained on its primary. Under such conditions the stresses between the 
windings would be from (25)* =625 to (50)* =2500, those at full load. The stresses on short- 
circuit are extremely important in large transformers. The core type works out best for very high 
voltages chiefly on account of greater space required for insulating the high- and low-tension coils 
of a shell-type transformer from one another. The space factor with the pan-cake type of coils used 
on shell transformers is poor and for very high-voltage transformers is often not over 0.3, while 
for the cylindrical coils used on the core type it may be, under similar conditions, as high as 0. 4. 
Inherently the shell-type transformer has higher reactance than the core type of transformer on ac- 


count of the type of coils used. Of the two types, the shell is the more expensive to repair. 
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Fig. 14-2 Two Types of Transformers 
a) The Core Type Transformer b) The Shell Type Transformer 


14.2.1 Cores 


1. Laminated Steel Cores (Fig. 14-3) 

Transformers for use at power or audio frequencies typically have cores made of high permea- 
bility silicon steel. The steel has a permeability many times that of free space, and the core thus 
serves to greatly reduce the magnetizing current, and confine the flux to a path which closely cou- 
ples the windings. '*! Early transformer developers soon realized that cores constructed from solid 
iron resulted in prohibitive eddy-current losses, and their designs mitigated this effect with cores 
consisting of bundles of insulated iron wires. Later designs constructed the core by stacking layers 
of thin steel laminations, a principle that has remained in use. Each lamination is insulated from its 
neighbors by a thin non-conducting layer of insulation. The universal transformer equation indi- 
cates a minimum cross-sectional area for the core to avoid saturation. 

The effect of laminations is to confine eddy currents to highly elliptical paths that enclose little 
flux, and so reduce their magnitude. Thinner laminations reduce losses, but are more laborious 
and expensive to construct. Thin laminations are generally used on high frequency transformers, 
with some types of very thin steel laminations able to operate up to 10 kHz. 

One common design of laminated core is made from interleaved stacks of E-shaped steel 
sheets capped with I-shaped pieces, leading to its name of “E-I transformer” . Such a design 
tends to exhibit more losses, but is very economical to manufacture. The cut-core or C-core type 
is made by winding a steel strip around a rectangular form and then bonding the layers together. It 
is then cut in two, forming two C shapes, and the core assembled by binding the two C halves to- 
gether with a steel strap. [2i They have the advantage that the flux is always oriented parallel to the 
metal grains, reducing reluctance. 

A steel core’s remanence means that it retains a static magnetic field when power is removed. 
When power is then reapplied, the residual field will cause a high inrush current until the effect of 
the remaining magnetism is reduced, usually after a few cycles of the applied alternating cur- 
rent. !®! Overcurrent protection devices such as fuses must be selected to allow this harmless inrush 
to pass. On transformers connected to long, overhead power transmission lines, induced currents 


due to geomagnetic disturbances during solar storms can cause saturation of the core and operation 
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of transformer protection devices. 





Fig. 14-3 Laminated Core Transformer Showing Edge of Laminations at Top of Unit 


2. Solid Cores 
Powdered iron cores are used in circuits (such as switch-mode power supplies) that operate 
above main frequencies and up to a few tens of kilohertz. These materials combine high magnetic 
permeability with high bulk electrical resistivity. For frequencies extending beyond the VHF band, 
cores made from non-conductive magnetic ceramic materials called ferrites are common. Some ra- 
dio-frequency transformers also have movable cores (sometimes called ‘slugs’ ) which allow ad- 
justment of the coupling coefficient (and bandwidth) of tuned radio-frequency circuits. ao 

3. Toroidal Cores ( Fig. 14-4) 

Toroidal transformers are built around a ring- 
shaped core, which, depending on operating frequen- 
cy, is made from a long strip of silicon steel or per- 
malloy wound into a coil, powdered iron, or ferrite. 
A strip construction ensures that the grain boundaries 


are optimally aligned, improving the transformer’s ef- 





ficiency by reducing the core’s reluctance. The closed 
ring shape eliminates air gaps inherent in the construc- Fig. 14-4 Small Toroidal Core Transformer 
tion of an E-I core. The cross-section of the ring is 

usually square or rectangular, but more expensive cores with circular cross-sections are also availa- 
ble. The primary and secondary coils are often wound concentrically to cover the entire surface of 
the core. This minimizes the length of wire needed, and also provides screening to minimize the 
core’s magnetic field from generating electromagnetic interference. 

Toroidal transformers are more efficient than the cheaper laminated E-I types for a similar 
power level. Other advantages compared to E-I types, include smaller size (about half), lower 
weight (about half) , less mechanical hum ( making them superior in audio amplifiers) , lower ex- 
terior magnetic field (about one tenth) , low off-load losses (making them more efficient in stand- 
by circuits) , single-bolt mounting, and greater choice of shapes. |?) The main disadvantages are 
higher cost and limited power capacity. 

Ferrite toroidal cores are used at higher frequencies, typically between a few tens of kilohertz 


to a megahertz, to reduce losses, physical size, and weight of switch-mode power supplies. A 


160) BALES AWUS WRF 


drawback of toroidal transformer construction is the higher cost of windings. As a consequence, 
toroidal transformers are uncommon above ratings of a few kV - A. Small distribution transform- 
ers may achieve some of the benefits of a toroidal core by splitting it and forcing it open, then in- 


serting a bobbin containing primary and secondary windings. 
14.2.2 Windings (Fig. 14-5) 


The conducting material used for the windings 
depends upon the application, but in all cases the in- 
dividual turns must be electrically insulated from each 
other to ensure that the current travels throughout ev- 


‘'3] For small power and signal transformers , 


ery turn. 
in which currents are low and the potential difference 
between adjacent turns is small, the coils are often 


wound from enamelled magnet wire, such as Formvar 





wire. Larger power transformers operating at high 


voltages may be wound with copper rectangular strip r had 
Fig. 14-5 Windings Are Usually Arranged 


conductors insulated by oil-impregnated paper and 
ki i 2 preg pap Concentrically to Minimize Flux Leakage 


blocks of pressboard. 
High-frequency transformers operating in the tens to hundreds of kilohertz often have wind- 


[14 


ings made of braided litz wire to minimize the skin-effect and proximity effect losses. l Large 
power transformers use multiple-stranded conductors as well, since even at low power frequencies 
non-uniform distribution of current would otherwise exist in high-current windings. Each strand is 
individually insulated, and the strands are arranged so that at certain points in the winding, or 
throughout the whole winding, each portion occupies different relative positions in the complete 
conductor. The transposition equalizes the current flowing in each strand of the conductor, and re- 
duces eddy current losses in the winding itself. The stranded conductor is also more flexible than a 
solid conductor of similar size, aiding manufacture. 

For signal transformers, the windings may be arranged in a way to minimize leakage induct- 
ance and stray capacitance to improve high-frequency response. !™! This can be done by splitting 
up each coil into sections, and those sections placed in layers between the sections of the other 
winding. This is known as a stacked type or interleaved winding. 

Both the primary and secondary windings on power transformers may have external connec- 
tions, called taps, to intermediate points on the winding to allow selection of the voltage ratio. 
The taps may be connected to an automatic on-load tap changer for voltage regulation of distribu- 
tion circuits. Audio-frequency transformers, used for the distribution of audio to public address 
loudspeakers , have taps to allow adjustment of impedance to each speaker. A center-tapped trans- 
former is often used in the output stage of an audio power amplifier in a push-pull circuit. Modula- 
tion transformers in AM transmitters are very similar. 


Certain transformers have the windings protected by epoxy resin. By impregnating the trans- 


Chapter 14 Transformers 161 


former with epoxy under a vacuum, one can replace air spaces within the windings with epoxy, 
thus sealing the windings and helping to prevent the possible formation of corona and absorption of 
dirt or water. This produces transformers more suited to damp or dirty environments, but at in- 


creased manufacturing cost. 


14.3 Ideal Transformers 


To understand the working of a transformer it is always instructive , to begin with the concept 
of an ideal transformer with the following properties: 

1) Primary and secondary windings have no resistance. 

2) All the flux produced by the primary links the secondary winding i, e. , there is no leak- 
age flux. 

3) Permeability u, of the core is infinitely large. In other words, to establish flux in the core 
vanishingly small (or zero) current is required. 

4) Core loss comprising of eddy current and hysteresis losses are neglected. 

Let us assume a sinusoidally varying voltage is impressed across the primary with secondary 
winding open circuited, as shown in Fig. 14-6. Although the current drawn /,, will be practically 
zero, but its position will be 90° lagging with respect to the supply voltage. The flux produced 
will obviously be in phase with /,,. In other words the supply voltage will lead the flux phasor by 
90°. Since flux is common for both the primary and secondary coils, it is customary to take flux 


phasor as the reference. 















































EE b(t) Laminated iron core s 
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e yp Primary winding | 
A N ~, q L E | Load 
Secondary winding rt 
4 
2 
Fig. 14-6 A Typical Transformer 
Let, b(t) =¢,,,, Sin wt. Then, 
: T 
vi = Vinax SİN (or + 7) (14-1) 


The time varying flux (+t) will link both the primary and secondary turns inducing in voltages e, 
and e, respectively. Instantaneous induced voltage e, and e, are given by 
T 


e,= -N, OP = ON Bs sin [or] =2TfN P max SiN [or] 


e, = -N, a = ON, Py, Sin (or -3) =2 TN, Pya, Sin (or -5) (14-2) 
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Magnitudes of the rms induced voltages will therefore be 

E, =V2TfN, P maxs =4. 44fN, Pinas 

E, = VZTSN, P max =4. 44SN, P max (14-3) 
The time phase relationship between the applied voltage v, and e, and e, will be same. The 180° 
phase relationship obtained in the mathematical expressions of the two merely indicates that the in- 
duced voltage opposes the applied voltage as Lenz’s law. In other words if e, were allowed to act 
alone it would have delivered power in a direction opposite to that of v,. By applying Kirchoff’ s 
law in the primary one can easily say that V, = E, as there is no other drop existing in this ideal 


transformer. Thus udder no load condition , 
E, N, 
== 14-4 
P N (14-4) 
where, V,, V, are the terminal voltages and E, , E, are the rms induced voltages. 


New Words and Expressions 














1. step-up transformer FHER ER 4 12. powdered iron 4k} 

2. core type PROI 13. grain boundary MAJA- 
3. shell type FEI 14. bobbin n. ZR ŻE 

4. on account of ALA, HF 15. enamelled wire REA 

5. silicon steel sheet FEI 16. oil-impregnated adj. Wiz ÁS 
6. interleave adj. ZERI 17. pressboard n. HRA 

7. steel strip 4p) 77 18. transposition n. Æ 

8. VHF Hms 19. epoxy resin PAE 

9. ceramic n. KÆR 20. corona n PÆ 

10. ferrite n. PRICK 21. concentrically adv. [Ej Hh 
11. permalloy n. WREE 22. hysteresis loss Rá iE 
Notes 


[1] To transmit large amount of power (several thousands of mega watts) at this voltage 
level means large amount of current has to flow through the transmission lines. 

WaT FER PS RE EAB AL (JLB) a a A RAK BY FDA DA 
i Hag FLAK 

[2] The solution to this problem is to use an appropriate step-up transformer at the genera- 
ting station to bring the transmission voltage level at the desired value as depicted in Fig. 14-1 
where for simplicity single phase system is shown to understand the basic idea. 

FET TA LS RTT FR ILE TE Be E ABE E SHERE E ae BT BE) 
EASE, A TBE ITI SEAS ADL, E 14-1 ora tne Sa A RSE 


[3] The winding to which power is supplied is called the primary; the other, which delivers 





power to the receiving circuit, is called the secondary. 


HE fe Bl EL FL R10 YY SE Ps ESA, MaA, HTS J e H E Ft SEZ BE 
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[4] If the primary winding has more turns than the secondary winding, the voltage will be 
lowered and the transformer is called a step-down transformer. 
WRU SEA AY RS TSA, BESKR, MAARE A A EEE EERE E AE o 


[5] In the core type the windings envelop a considerable part of the magnetic circuit, while 

















in the shell type the magnetic circuit envelops a considerable portion of the windings. 

TERA Rat, BABIE TEER IABP, MEEA A PR ELE T AY 
Faas 

[6] By proper design both types of transformers may be made to have essentially the same 
electrical characteristics, but when designed for approximately the same flux densities and current 
densities in the copper, the shell type of the two will have the larger iron loss and the smaller cop- 
per loss. 
it a BT HY a RH SY Be sie AS J EO PT ERE, (EE VR CET HP 
ORAS IF] AY AA AB BR, TERNE Rae eee E T RAE Be ERIRE 


[7] The shell type is the better for large transformers as it permits better bracing of the coils 























against displacements caused by short-circuits. 

Xf PAAR ai RB HFT FE Te AE tit, A A EE S E a BP Es aie ASE BE 
Ro ee 
AP AE 0 

[8] The steel has a permeability many times that of free space, and the core thus serves to 





greatly reduce the magnetizing current, and confine the flux to a path which closely couples the 
windings. 

ERWA AYER RES STE, LIT, PR ED CH RE, J REN RR hE 
ERE MAS KER, 

[9] It is then cut in two, forming two C shapes, and the core assembled by binding the two 





C halves together with a steel strap. 
SRIR ITT TE RD BO) BAK, KRAAN CE, FR eh TR SOC FE RD HA BE 
— 


[10] When power is then reapplied, the residual field will cause a high inrush current until 








the effect of the remaining magnetism is reduced, usually after a few cycles of the applied alterna- 
ting current. 

2 OS Fg ie RUC A BRT, RZS | EAA FS Sad RTA Td EB Fe a RAE, SES 
XE BELT eS 

[11 ] Some radio-frequency transformers also have movable cores ( sometimes called 








‘slugs?’ ) which allow adjustment of the coupling coefficient (and bandwidth) of tuned radio-fre- 
quency circuits. 

Ay LESS TES a TP A BP CALI BYE “RT” FSSA TE HE eR] 
BARB, 

[12] Other advantages compared to E-I types, include smaller size (about half), lower 


weight (about half) , less mechanical hum ( making them superior in audio amplifiers) , lower ex- 
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terior magnetic field (about one tenth) , low off-load losses (making them more efficient in stand- 
by circuits) , single-bolt mounting, and greater choice of shapes. 

FAY E-I eat, PME Raa AA: RED AN (KA AF). BER 
Mar (KRA—-F), ROL EP OK at). PRRI EH (41/10), AK 
YAS RE (TEP OLEL BP SE Tes OC), MR ee, DA PET Re PE EEI A H. 


[13] The conducting material used for the windings depends upon the application, but in all 

















cases the individual turns must be electrically insulated from each other to ensure that the current 
travels throughout every turn. 

itll EEA IA AS ASMA, EL EFT AS FH f R p Wi] ZT He, A 
BTR HE tit Pitt 3 R Fl 

[14] High-frequency transformers operating in the tens to hundreds of kilohertz often have 
windings made of braided litz wire to minimize the skin-effect and proximity effect losses. 

TEE ZT BBC ik 2K NY te BUR IB i SEA FE H RRRS, AA DAS RARR IEA 
WTAE /ME 4 


[15 ] For signal transformers, the windings may be arranged in a way to minimize leakage in- 








ductance and stray capacitance to improve high-frequency response. 
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Chapter 15 Permanent Magnet Machines 


15.1 Introduction 


A permanent magnet (PM) machine is a machine where the excitation field is provided by a 
PM instead of a coil. The PM can be placed on the rotor or stator, in general, thus eliminating the 
requirement of a source of direct current for excitation. This results in a simple and rugged ma- 
chine. The cross section of one type PM machine is shown in Fig. 15-1. The structure of stator 
core is the same as in a synchronous machine with an 
excitation coil. The rotor has a cylindrical steel core 
with radial or parallel magnetized PM on its surface or 
inside. The PM might be made of the neodymium 
material. In small, low cost machines, they might be 
made of ferrite magnetic material. PM motors sup- z Rotor core 
plied from inverters have become increasingly attrac- REI 
tive for application in a wide range of speed applica- 
tions, particularly following the introduction of Nd- © Fig. 15-1 Cross Section of a PM Machine 
FeB and SmCo magnet materials. ‘') Most applications 
are for low- and medium-power levels but the range is continually being extended. PM motors can 
produce more steady-state and transient torques than induction machines of the same size. They al- 


so can give higher efficiency. 


15.2 Introduction of PM Materials 


The development of PM machine depends on the development of PM materials. A PM mate- 
rial is a kind of special material that is magnetized and produces persistent magnetic field without 
external energy. HA According to the manufacturing process and component, the common PM ma- 
terial can be classified as shown in Fig. 15-2. 

As any other ferromagnetic materials, a PM material can be described by the B-H hysteresis 
loop. PMs are also called hard magnetic materials, meaning ferromagnetic materials with a wide 
hysteresis loop. The basis for the evaluation of a PM is the portion of its hysteresis loop located in 
the upper left-hand quadrant, called the demagnetization curve. PM materials are characterized by 
the parameters listed below: 

1) Residual or remanent magnetic flux density B,, is the magnetic flux density corresponding 


to zero magnetic field intensity in the demagnetization curve. RI High remanence means the magnet 
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Fig. 15-2 Classification of PM Materials 


can support higher magnetic flux density in the air gap of the magnetic circuit. 

2) Coercive field strength H,, or coercivity, is the value of demagnetizing field intensity 
necessary to bring the magnetic flux density to zero in a material previously magnetized. L High 
coercivity means that a thinner magnet can be used to withstand the demagnetization field. 

3) Maximum magnetic energy product ( BH) „x, is the product corresponds to the maximum 
energy density point on the demagnetization curve with coordinates B and H. 

There are three kinds of PMs currently used for electric machines; AINiCo, Ferrite, and 
Rare-earth material such as SmCo and NdFeB magnets. The corresponding demagnetization curves 


are given in Fig. 15-3. 
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Fig. 15-3 Demagnetization Curves of Rare-Earth, Ferrite, and AINiCo Magnets 


The main advantages of AINiCo are its high residual magnetic flux density and low tempera- 


ture coefficient. The temperature coefficient of B, is —0.02%/‘C and maximum service tempera- 
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ture is 520°C. These advantages allow a high air gap magnetic flux density at high magnet temper- 
ature. Unfortunately, the coercive force is very low and the demagnetization curve is extremely 
non-linear. Therefore, it is very easy not only to magnetize but also to demagnetize AINiCo. Al- 
NiCo has been used in PM machines with relatively large air gaps. This results in a negligible ar- 
mature reaction magnetic flux acting on the PMs. 

Barium and strontium ferrites were invented in the 1950s. A ferrite has a higher coercive 
force than AINiCo, but at the same time has a lower remanent magnetic flux density. The main 
advantages of ferrites are their low cost and very high electric resistance, which means no eddy- 
current losses in the magnet. Ferrite magnets are the most economical in fractional horsepower mo- 
tors and may show an economic advantage over AINiCo up to about 7.5kW. Ferrite magnets are 
commonly used in small motors for automobiles and electric toys. 

Rare-earth magnets are strong PMs made from alloys of rare-earth elements. Developed in the 
1970s and 1980s, rare-earth magnets are the strongest type of PMs, producing significantly stron- 
ger magnetic fields than other types such as ferrite or AINiCo magnets. There are two types; neo- 
dymium magnets and samarium-cobalt magnets. The most important applicationfield of rare-earth 
magnets with about 40% of the sales is electrical machine. PM machines are used in a broad pow- 
er range from a few mW to more than 1MW, covering a wide variety of applications from step- 
ping motors for wristwatches via industrial servo drives for machine tools to large synchronous mo- 
tors. High performance rare-earth magnets have successfully replaced AINiCo and ferrite magnets 
in all applications where the high power density, improved dynamic performance or higher effi- 


ciency are of the prime interest. 


15.3 Classification of PM Motors 


In general, PM motors can be classified into; 

1) DC commutator motors ; 

2) DC brushless motors; 

3) AC synchronous motors. 

The construction of a PM DC commutator motor is similar to a DC motor with the electro- 
magnetic excitation system replaced by PMs. PM DC brushless and AC synchronous motor designs 
are practically the same: with a polyphase stator and PMs located on the rotor. The only difference 
is in the control and shape of the excitation voltage: an AC synchronous motor is fed with more or 
less sinusoidal waveforms which in turn produce a rotating magnetic field. In PM DC brushless 
motors the armature current has a shape of a square (trapezoidal) waveform, only two phase 
windings conduct the current at the same time and the switching pattern is synchronized with the 
rotor angular position. ‘*! The armature current of synchronous and DC brushless motors is not 
transmitted through brushes, which are subject to wear and require maintenance. Another advan- 
tage of the brushless motor is the fact that the power losses occur in the stator, where heat transfer 


conditions are good. Consequently the power density can be increased as compared with a DC 
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commutator motor. In addition, considerable improvements in dynamics can be achieved because 
the air gap magnetic flux density is high, the rotor has a lower inertia and there are no speed-de- 
pendent current limitations. Thus, the volume of a brushless PM motor can be reduced by more 


than 40% while still keeping the same rating as that of a PM commutator motor. 


15.4 Operational Principle of PM Motors 


15.4.1  Operationai Principle of PM Commutator Motors 


In a DC motor, an armature rotates inside a magnetic field. Basic working principle of a DC 
motor is based on the fact that whenever a current carrying conductor is placed inside a magnetic 
field, there will be mechanical force experienced by that con- 
ductor. ‘°! All kinds of DC motors work in this principle only. 
Hence for constructing a DC motor it is essential to establish a 
magnetic field. The magnetic field is obviously established by 
means of magnet. The magnet can be any types i.e. it may 
be electromagnet or it can be PM. When PM is used to create 
magnetic field in a DC motor, the motor is referred as PMDC 
motor. Have you ever uncovered any battery operated toy? If 
you did, you had obviously found a battery operated motor 


inside it. This battery operated motor is nothing but a perma- 





nent magnet DC motor, shown in Fig. 15-4. 

These types of motor are essentially simple in construc- Fig. 15-4 Picture of a PMDC Motor 
tion. These motors are commonly used as starter motors in 
automobiles , windshield wipers, washer, for blowers used in heaters and air conditioners, to raise 
and lower windows. It also extensively is used in toys. ‘7] As the magnetic field strength of a per- 
manent magnet is fixed it cannot be controlled externally, field control of this type of DC motor is 
impossible. Thus PMDC motor is used where there is no need of speed control of motor by means 
of controlling its field. Small fractional and sub fractional kW motors now are constructed 
with PMs. 

As it is indicated in the name of PMDC motor, the field poles of this motor are essentially 
made of PMs. A PMDC motor mainly consists of two parts, a stator and an armature. Here the 
stator is a steel cylinder. The magnets are mounted in the inner periphery of this cylinder. The 
magnets are mounted in such a way that the N-pole and S-pole of each magnet are alternatively 
faced towards armature. That means, if N-pole of one magnet is faced towards armature then S— 
pole of very next magnet is faced towards armature. 

The rotor of a PMDC motor is similar to other DC motors. The rotor or armature of a PMDC 
motor also consists of core, windings and commutator. The armature core is made of a number of 


varnish insulated, slotted circular lamination of steel sheets. By fixing these circular steel sheets 
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one by one, a cylindrical shaped slotted armature core is formed. The varnish insulated laminated 
steel sheets are used to reduce eddy current loss in the armature of a PMDC motor. These slots on 
the outer periphery of the armature core are used for housing armature conductors in them. The ar- 
mature conductors are connected in a suitable manner which gives rise to armature winding. The 
end terminals of the winding are connected to the commutator segments placed on the motor shaft. 
Like common DC motor, carbon or graphite brushes are placed with spring pressure on the com- 
mutator segments to supply current to the armature. 

As we said earlier the working principle of the PMDC motor is just similar to the general 
working principle of the DC motor. That is when a carrying conductor comes inside a magnetic 
field, a mechanical force will be experienced by the conductor and the direction of this force is 
governed by Fleming’s left hand rule. As in a PMDC motor, the armature is placed inside the 
magnetic field of magnet; the armature rotates in the direction of the generated force. [8] Here each 
conductor of the armature experiences the mechanical force F = BIL Newton where, B is the mag- 
netic flux density in Tesla, / is the current in Ampere flowing through that conductor and L is the 
length of the conductor in meter comes under the magnetic field. Each conductor of the armature 
experiences a force and the summation of those forces produces a torque, which tends to rotate the 


armature. 


15.4.2 Operational Principle of PM Brushless DC Motors 


The availability of efficient semiconductor swit- 
ches has provided means for eliminating the mechani- 
cal switching on commutator machines while retaining 
many useful properties. This kind of machine is called 
an electronically switched PM motor or a PM brushless 
DC (BLDC) motor. Fig. 15-5 shows a picture of a 
PM BLDC motor with controller. It is applied in four 
axis aircraft. 


A PM BLDC motor consists of three parts, a mo- 





tor, the rotor position sensors and electronic switching 
circuit. Principle block diagram of a PM BLDC motor Fig. 15-5 Picture of a PM BLDC Motor 
is shown in Fig. 15-6. 


DC power supply 


Torque output 


Switching circuit 







Position sensor 


Fig. 15-6 Principle Block Diagram of a PM BLDC Motor 


Fig. 15-7 shows a cross section of a two-pole motor. The rotor has two surface-mounted 


PMs, each covering approximately 180°of the rotor periphery and thereby producing a nearly rec- 
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tangular space wave of flux density in the air gap. 
The stator has three phase windings but differs 
from the windings for three phase alternating ma- 
chines in that the conductors of each phase are dis- 
tributed approximately uniformly in slots over two 
arcs of 60°for each phase. 

The motor can be supplied from a system 
such as that shown in Fig. 15-8. The motor phases 


are connected to a source of controllable direct 





current J through six electronic switches. At any 
instant, one upper and one lower switch are Fig. 15-7 Cross Section of a PM BLDC Motor 
closed, connecting two phases in series to the cur- 

rent supply. ‘°! As seen in Fig. 15-7, each rotor magnet interacts with two 60° arcs of stator con- 
ductors carrying current with the polarity shown. When the rotor magnet edges reach the boundary 
between stator phases, a detector, such as a Hall device mounted on the stator, detects the reversal 
of the air-gap field and causes an appropriate opening and closing of the switches. L10] At the posi- 
tion shown in Fig. 15-1 and with the rotor rotating in a counterclockwise direction, switch 1 will 


open and switch 3 will close, thus energizing phases b and c and continuing the torque. 


Controlled a 
direct-current 


source 





Rotor position signals 


Fig. 15-8 Switching Circuit of a PM BLDC Motor 


Suppose the air-gap flux density is B,. If there are N, turns per phase, the linear current den- 
sity over an energized phase winding for a rotor of radius r is 
3N, i 
~ nr 





K (16-1) 


The tangential force per unit of area is B,K. Because two thirds of the total surface area of the sta- 
tor is effective in producing force at any instant, the torque for an effective axial length / is 
2 
T= 3 (27r) IrB,K 


(16-2) 
=4rlB,N,i 


=ki 
Here k is called torque constant. Thus, the motor produces a torque directly proportional to its 


supply current. Reversal of the torque direction is usually achieved by appropriate change in the 
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switching signals from the field detectors. 

To determine the generated voltage produced by two phase windings in series, consider the 
machine to be rotating atan angular velocity wọ. In each of the 4N, series conductors, the electric 
field intensity will be vB, where v =rw,. Thus, the generated voltage is 

e =4N,7IB w, = kw (16-3) 
If the current source in Fig. 15-8 is replaced by a controllable voltage source v,, the motor will op- 
erate at a speed approximately proportional to the source voltage. By analogy with a commutator 
motor, 
v,-Ri v RT 
= =— -—> 16-4 
k k K ree) 


where R is the resistance of two phases in series. Switched PM motors of the general type shown 





Wo 


in Fig. 15-8 are used in a wide variety of drive applications such as in robots, machine tools, and 


disk drives. 
15.4.3 Operational Principle of PM Synchronous Motors 


PM synchronous motor is polyphase synchronous motor with PM rotors. Thus they are similar 
to the synchronous machines described in the previous section with the exception that the field 
windings are replaced by PM. |"! 

Fig. 15-1 is a schematic diagram of a three-phase PM synchronous motor. In fact, the PM 


synchronous motor can be readily analyzed with techniques simply by assuming that the machine is 


excited by a field current of constant value, making sure to calculate the various machine induct- 
[12] 


ances based on the effective permeability of the PM motor. 

Fig. 15-9 shows a picture of rotor and stator 
of a typical PM synchronous motor. A speed 
and position sensor mounted on the rotor shaft. 
This sensor is used for control of the motor. A 
number of techniques may be used for shaft-po- 
sition sensing, including Hall-effect devices, 


light-emitting diodes and phototransistors in 





combination with a pulsed wheel, and induct- 
ance principles. [13] Fig. 15-9 Picture of a PM AC Synchronous Motor 
A PM synchronous motor typically operates from the variable-frequency motor drive. Under 
conditions of constant-frequency, sinusoidal polyphase excitation, a PM synchronous motor be- 
haves to a conventional AC synchronous motor with constant field excitation. 
An alternate viewpoint of a PM synchronous motor is that it is a form of PM stepping motor 
with a non-salient stator. Under this viewpoint, the only difference between the two is that there 


‘'4] In the simplest operation , 


will be little, if any, saliency torque in the PM synchronous motor. 
the phases can be simply excited with stepped waveforms so as to cause the rotor to step sequen- 


tially from one equilibrium position to the next. Alternatively, using rotor-position feedback from 
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a shaft-position sensor, the motor phase windings can be continuously excited in such a fashion as 


to control the torque and speed of the motor. ve 


As with the stepping motor, the frequency of the 
excitation determines the motor speed, and the angular position between the rotor magnetic axis 
and a given phase and the level of excitation in that phase determines the torque which will be pro- 
duced. 

A PM synchronous motor is frequently referred to as brushless DC motors. This terminology 
comes about both because of the similarity, when combined with a variable-frequency, variable- 
voltage drive system, of their speed-torque characteristics to those of DC motors and because of 
the fact that one can view these motors as inside-out DC motors, with their field winding on the 
rotor and with their armature electronically commutated by the shaft-position sensor and by swit- 


ches connected to the armature windings. 


New Words and Expressions 








1. magnetized adj. BZAR 15. field control n. Jay wet Hil 

2. neodymium n. Ẹk 16. eddy current loss WHE 

3. ferrite n. PRA 17. carrying conductor tA% 

4. inverter n. ZIY 18. semiconductor n. “25k 

5. demagnetization curve iK WEHHAS 19. position sensor {V HERR AE 

6. residual adj. RIRH 20. surface-mounted adj. J IMZ KI 
7. coercivity n. JJ 21. detector n. FRIAS 

8. magnetic energy product R4fEFE 22. counterclockwise n. IHRE 

9. rare-earth n. E 23. shaft n. $H 

10. brushless motor chil Ha ZWA 24. light-emitting diode RITIK 
11. sinusoidal adj. IE 52K 25. phototransistor n. JGH imh 
12. trapezoidal adj. IÉ HJ 26. variable-frequency n. 254i 

13. maintenance n. WJ 27. stepping motor 23E SIAL 

14. starter n. EAE 28. non-salient stator JE mhk T 
Notes 


[1] PM motors supplied from inverters have become increasingly attractive for application in 
a wide range of speed applications, particularly following the introduction of NdFeB and SmCo 
magnet materials. 

Di ai PE EE AI KRA HL SH LE m BEEF a FL Vad EA Gp EMAR RRE Z, FEE EERI 
RERIG Fi REE Ta] TEE WR BE ICE 


[2] A PM material is a kind of special material that is magnetized and produces persistent 








Sr 








magnetic field without external energy. 
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[3] Residual or remanent magnetic flux density B,, is the magnetic flux density correspond- 














ing to zero magnetic field intensity in the demagnetization curve. 
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RIR REM AA BE ETER RA HH R EREA RRE N EN) RA PE, 

[4] Coercive field strength H,, or coercivity, is the value of demagnetizing field intensity 
necessary to bring the magnetic flux density to zero in a material previously magnetized. 

IE JI EA E CRAE AS E FEIR JE EFE E DT E RER A E 


[5] In PM DC brushless motors the armature current has a shape of a square ( trapezoidal) 








waveform, only two phase winding conduct the current at the same time and the switching pattern 
is synchronized with the rotor angular position. 

TEAC WE TCR FL SL, HAHA RO Tr E E), EEE H E 
FF AFP RRS 98 T AMER AE, 


[6] Basic working principle of a DC motor is based on the fact that whenever a current car- 





rying conductor is placed inside a magnetic field, there will be mechanical force experienced by 
that conductor. 

ELVA HE SLAY EAS TE REET ORE SESE, BCE RP BY BE NSS EDL TT BY) 
EH, 


[7] These motors are commonly used as starter motors in automobiles, windshield wipers, 





washer, for blowers used in heaters and air conditioners, to raise and lower windows. It also ex- 
tensively is used in toys. 

LOH ODL (re Fa AACE EL Dk HL IL) HE A Ae oa RE, KA KAR 
URA, UA A a AVL, EB, THC PH SAP , 


[8] As in a PMDC motor, the armature is placed inside the magnetic field of magnet; the 











armature rotates in the direction of the generated force. 
TEAR WE EOE SDLP, HADI TE ACER AE SAB, A Se IF EFE 


[9] At any instant, one upper and one lower switch are closed, connecting two phases in se- 





ries to the current supply. 
EIEk, SERS ERMA PRL, SA rt AS Sy EE DR OB 
E, 


[10] When the rotor magnet edges reach the boundary between stator phases, a detector, 








such as a Hall device mounted on the stator, detects the reversal of the air-gap field and causes an 
appropriate opening and closing of the switches. 

FEF AE SE TRY, RM, URE ET EWER, RWA 
CRAE FF | RP EA — 2 IE AL 

[11] Thus they are similar to the synchronous machines described in the previous section 
with the exception that the field windings are replaced by PM. 

Pe ENS BW oc rE A TAP LSS, a EES A SE T o 

[12] In fact, the PM synchronous motor can be readily analyzed with techniques simply by 
assuming that the machine is excited by a field current of constant value, making sure to calculate 
the various machine inductances based on the effective permeability of the PM motor. 

FKE, EIHAR E NLA he (Bc FL Fl — TEL Bat Te BID Yh PRE EL 
A SESE SRT SE FLAS 2 HK 
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[13] A number of techniques may be used for shaft-position sensing, including Hall-effect 
devices, light-emitting diodes and phototransistors in combination with a pulsed wheel, and in- 
ductance principles. 

KERRAT fi A, HERR ALTE EE Raat, ZO ES GH a A 5 k 
HARHAA, WA Be re Bee FE 


[14] An alternate viewpoint of a PM synchronous motor is that it is a form of PM stepping 














motor with a non-salient stator. Under this viewpoint, the only difference between the two is that 
there will be little, if any, saliency torque in the PM synchronous motor. 

XIF De] AG HE SH LEC EE a A E aE T AI AG HEH SAL — IT aK, 
SEP ULES, PIAR HE, SILAS E — De Sal) Jake EE ILD N PAE BEA LEAR, 


[15] Alternatively, using rotor-position feedback from a shaft-position sensor, the motor 








phase windings can be continuously excited in such a fashion as to control the torque and speed of 
the motor. 

PRT DL, PHAR A MEERA I it, FE ILE A a LE lH, HL 
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PART4 POWER SYSTEMS 


Chapter 16 Operating Characteristics of 
Modern Power Systems 


16.1 Transmission and Distribution Systems 


Electric power systems vary in size and structural components. However, they all have the 
same basic characteristics : 

1) Being comprised of three-phase AC systems operating essentially at constant voltage. Gen- 
eration and transmission facilities use three-phase equipment. Industrial loads are invariably three- 
phase. Single-phase residential and commercial loads are distributed equally among the phases so 
as to effectively form a balanced three-phase system. c 

2) Using synchronous machines for generation of electricity. Prime movers convert the pri- 
mary sources of energy (fossil, nuclear, and hydraulic) to mechanical energy that is, in turn, 
converted to electrical energy by synchronous generators. 

3) Transmitting power over significant distances to consumers spread over a wide area. This 
requires a transmission system comprising subsystems operating at different voltage levels. 

Electric power is produced at generating stations (GS) and transmitted to consumers through 
a complex network of individual components, including transmission lines, transformers, and 
switching devices. 

The sources of electric power are usually interconnected by a transmission system or network 
that distributes the power to the various load point or load centers. A small portion of a transmis- 
sion system that suggests the interconnections is shown as a one-line diagram in Fig. 16-1. Various 
symbols for generators, transformers, circuit breakers, loads, and the points of connection 
(nodes) , called buses, are identified in the figure. 

The generator voltages are in the range of 11kV to 30kV; higher generator voltages are diffi- 
cult to obtain because of insulation problems in the narrow confines of the generator stator. Trans- 
formers are then used to step up the voltages to the range of 110kV to 765kV. In California the 
backbone of the transmission system is composed mainly of 500kV, 345kV, and 230kV three- 


phase lines. The voltages refer to voltages from line to line. 
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One reason for using high transmission-line voltages is to improve energy transmission effi- 
ciency. Basically, transmission of a given amount of power (at specified power factor) requires a 
fixed product of voltage and line current. Thus, the higher the voltage, the lower the current can 
be. Lower line currents are associated with lower resistive losses (J R) in the line. Another rea- 
son for higher voltages is the enhancement of stability. 

A comment is in order about the loads shown in Fig. 16-1. The loads referred to here repre- 
sent bulk load, such as the distribution system of a town, city, or large industrial plant. Such dis- 
tribution systems provide power at various voltage levels. Large industrial consumers or railroads 
might accept power directly at voltage levels of 23kV to 138kV; they would then step down the 
voltages further. Smaller industrial or commercial consumers typically accept power at voltage lev- 
els of 4. 16kV to 34.5kV. Residential consumers normally receive single-phase power from pole- 


mounted distribution transformers at voltage levels of 120/240V. 
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Fig. 16-1 One-Line Diagram 


Load 


Although the transmission-distribution system is actually one interconnected system, it is 
convenient to separate out the transmission system, as we have done in Fig. 16-1. A similar dia- 
gram for the distribution system can be drawn with bulk substations replacing the generators as the 


sources of power and with lower-level loads replacing the bulk power loads shown in Fig. 16-1. '*! 
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16.2 Power System Controls 


Automatic control systems are used extensively in power systems. Local controls are em- 
ployed at turbine-generator units and at selected voltage-controlled buses. Central controls are em- 
ployed at area control centers. 

Fig. 16-2 shows two basic controls of a steam turbine-generator:; the voltage regulator and tur- 
bine-governor. The voltage regulator adjusts the power output of the generator exciter in order to 
control the magnitude of generator terminal voltage V, When a reference voltage Vpis raised (or 
lowered) , the output voltage V, of the regulator increases (or decreases) the exciter voltage E,, 
applied to the generator field winding, which in turn acts to increase (or decrease) V, 3] Also a 
voltage transformer and rectifier monitor V,, which is used as a feedback signal in the voltage reg- 
ulator. If V, decreases, the voltage regulator increases V, to increase E,,, which in turn acts to in- 


crease V.. 
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Fig. 16-2 Voltage Regulator and Turbine-Governor Controls for a Steam-Turbine Generator 


The turbine-governor shown in Fig. 16-2 adjusts the steam valve position to control the me- 
chanical power output p,, of the turbine. When a reference power level p,,, is raised (or lowered) , 
the governor moves the steam valve in the open (or close) direction to increase (or decrease) p,, 


The governor also monitors rotor speed w,,, which is used as a feedback signal to control the 


balance between p,, and the electrical power output p, of the generator. ‘4! Neglecting losses, if Pn 
is greater than p,, @,, increases, and the governor moves the steam valve in the close direction to 
reduce p,,. Similarly, if p,, is less than p,, œw, decreases, and the governor moves the valve in the 
open direction. 

In addition to voltage regulators at generator buses, equipment is used to control voltage mag- 
nitudes at other selected buses. Tap-changing transformers, switched capacitor banks, and static 


var systems can be automatically regulated for rapid voltage control. 
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Central controls also play an important role in modern power systems. Today’s systems are 
composed of interconnected areas, where each area has its own control center. 5! There are many 
advantages to interconnections. For example, interconnected areas can share their reserve power to 
handle anticipated load peaks and unanticipated generator outages. Interconnected areas can also 
tolerate larger load changes with smaller frequency deviations than an isolated area. 

Fig. 16-3 shows how a typical area meets its daily load cycle. The base load is carried by 
base-loaded generators running at 100% of their rating for 24 hours. Nuclear units and large fossil- 
fuel units are typically base-loaded. The variable part of the load is carried by units that are con- 
trolled from the central control center. Medium-sized fossil-fuel units and hydro units are used for 
control. During peak load hours, smaller, less efficient units such as gas-turbine or diesel-genera- 
ting units are employed. In addition, generators operating at partial output ( with spinning re- 


serve) and standby generators provide a reserve margin. 
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Fig. 16-3 Daily Load Cycle 


The central control center monitors information including area frequency, generating unit 
outputs, and tie-line power flows to interconnected areas. This information is used by automatic 
Load-Frequency Control ( LFC) in order to maintain area frequency at its scheduled value 
(60Hz) and net tie-line power flow out of the area at its scheduled value. t6] Raise and lower ref- 
erence power signals are dispatched to the turbine-governors of controlled units. 

Operating costs vary widely among controlled units. Larger units tend to be more efficient, 
but the varying cost of different fuels such as coal, oil, and gas is an important factor. Economic 
dispatch determines the megawatt outputs of the controlled units that minimize the total operating 
cost for a given load demand. Economic dispatch is coordinated with LFC such that reference 
power signals dispatched to controlled units move the units toward their economic loadings and sat- 
isfy LFC objectives. Optimal power flow combines economic dispatch with power flow so as to 


optimize generation without exceeding limits on transmission line load-ability. 


16.3  Generator-Voltage Control 


The exciter delivers DC power to the field winding on the rotor of a synchronous generator. 
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For older generators, the exciter consists of a DC generator driven by the rotor. The DC power is 
transferred to the rotor via slip rings and brushes. For newer generators, static or brushless exciters 
are often employed. 

For static exciters, AC power is obtained directly from the generator terminals or a nearby 
station service bus. The AC power is then rectified via thyristors and transferred to the rotor of the 
synchronous generator via slip rings and brushes. 


“ 


For brushless exciters, AC power is obtained from an “inverted” synchronous generator 
whose three-phase armature windings are located on the main generator rotor and whose field 
winding is located on the stator. "The AC power from the armature windings is rectified via di- 
odes mounted on the rotor and is transferred directly to the field winding. For this design, slip 
rings and brushes are eliminated. 

Block diagrams of several standard types of generator-voltage control systems have been de- 
veloped by the IEEE Working Group on Exciters. A simplified block diagram of generator-voltage 
control is shown in Fig. 16-4. Nonlinearities due to exciter saturation and limits on exciter output 
are not shown in this figure. 

The generator terminal voltage V, in Fig. 16-4 is compared with a voltage reference V,,, to ob- 
tain a voltage error signal AV, which in turn is applied to the voltage regulator. The 1/ (T,s +1) 
block accounts for voltage-regulator time delay, where s is the Laplace operator and T, is the volt- 
age-regulator time constant. Note that if a unit step is applied toa 1/ (T,s +1) block, the output 


rises exponentially to unity with time constant T,. 
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Fig. 16-4 Simplified Block Diagram—Generator-Voltage Control 


The stabilizing compensator shown in Fig. 16-4 is used to improve the dynamic response of 
the exciter by reducing excessive overshoot. The compensator is represented by a K,s/(T,s +1) 
block, which provides a filtered first derivative. The input to this block is the exciter voltage Eu, 
and the output is a stabilizing feedback signal that is subtracted from the regulator voltage V,. 

Block diagrams such as those shown in Fig. 16-4 are used for computer representation of gen- 
erator-voltage control in transient stability computer programs. In practice, high-gain, fast-respon- 
ding exciters provide large, rapid increases in field voltage E during short circuits at the generator 
terminals in order to improve transient stability after fault clearing. '*! Equations represented in the 


block diagram can be used to compute the transient response of generator-voltage control. 
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16.4 Turbine-Governor Control 


Turbine-generator units operating in a power system contain stored kinetic energy due to their 
rotating masses. If the system load suddenly increases, stored kinetic energy is released to initially 
supply the load increase. Also, the electrical torque T, of each turbine-generating unit increases to 
supply the load increase, while the mechanical torque T,, of the turbine initially remains constant. 
From Newton’s second law, Ja =T, -T,, the acceleration a is therefore negative. That is, each 
turbine-generator decelerates and the rotor speed drops as kinetic energy is released to supply the 
load increase. The electrical frequency of each generator, which is proportional to rotor speed for 
synchronous machines, also drops. 

From this, we conclude that either rotor speed or generator frequency indicates a balance or 
imbalance of generator electrical torque T, and turbine mechanical torque T,,. If speed or frequen- 
cy is decreasing, then T, is greater than T,, (neglecting generator losses). Similarly, if speed or 
frequency is increasing, T, is less than T„. Accordingly, generator frequency is an appropriate 
control signal for governing the mechanical output power of the turbine. 

The steady-state frequency-power relation for turbine-governor control is 

Ap, = AP yep ~ A/R (16-1) 
where Af is the change in frequency, Ap,, is the change in turbine mechanical power output, and 
AP, is the change in a reference power setting. R is called the regulation constant. The equation 
is plotted in Fig. 16-5 as a family of curves, with Ap,,; as a parameter. Note that when Ap, is 


fixed, Ap,, is directly proportional to the drop in frequency. 
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Fig. 16-5 Steady-State Frequency-Power Relation for a Turbine-Governor 


Fig. 16-5 illustrates a steady-state frequency-power relation. When an electrical load change 


occurs, the turbine-generator rotor accelerates or decelerates, and frequency undergoes a transient 
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disturbance. °! Under normal operating conditions, the rotor acceleration eventually becomes zero, 
and the frequency reaches a new steady-state, shown in Fig. 16-5. 

The regulation constant R in Equation (16-1) is the negative of the slope of the Af versus 
Ap,, Curves shown in Fig. 16-5. The units of R are Hz/MW when Af is in Hz and Ap,, is in MW. 
When Af and Ap,, are given in per-unit, however, R is also in per-unit. 

The steady-state frequency-power relation for one area of an interconnected power system can 
be determined by summing Equation (16-1) for each turbine-generating unit in the area. 

APm = APm + AP + AP ng + °° 
= (Apan + Bunt) = [Re te te) AF (16-2) 


1 1 
shes Pate 
Noting that Af is the same for each unit, where Ap,, is the total change in turbine mechanical pow- 
ers and Apis the total change in reference power settings within the area. We define the area fre- 


quency response characteristic B as 


| eee 
B= (‘tet ) (16-3) 
Using Equation (16-3) in Equation (16-2), 
AP m = AD yer — BAf (16-4) 


Equation (16-4) is the area steady-state frequency-power relation. The units of 8 are MW/Hz 
when Af is in Hz and Ap,, is in MW. $ can also be given in per-unit. In practice, 8 is somewhat 
higher than that given by Equation (16-3) due to system losses and the frequency dependence of 
loads. 

A standard figure for the regulation constant is R =0. 05 per-unit. When all turbine-generating 
units have the same per-unit value of R based on their own ratings, then each unit shares total 
power changes in proportion to its own ratings. 

Fig. 16-6 shows a block diagram of a non-reheat steam turbine-governor, which includes non- 
linearities and time delays that were not included in Equation (16-1). The deadband block in this 
figure accounts for the fact that speed governors do not respond to change in frequency or to refer- 
ence power settings that are smaller than a specified value. The limiter block accounts for the fact 
that turbines have minimum and maximum outputs. The 1/ (Ts +1) blocks account for time de- 


lays, where s is the Laplace operator and T is a time constant. Typical values are T, =0. 10 s and 
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Fig. 16-6 Turbine-Governor Block Diagram 
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T,=1.0 s. Block diagrams for steam turbine-governors with reheat and hydro turbine-governors 


are also available. 


16.5 Load-Frequency Control 


As shown in section16. 4, turbine-governor control eliminates rotor accelerations and deceler- 
ations following load changes during normal operation. However, there is a steady-state frequency 
error Af when the change in turbine-governor reference setting Ap, is zero. One of the objectives 
of Load-Frequency Control (LFC) , therefore, is to return Af to zero. 

In a power system consisting of interconnected areas, each area agrees to export or import a 
scheduled amount of power through transmission-line interconnections, or tie-lines, to its neigh- 
boring areas. ‘| Thus, a second LFC objective is to have each area absorb its own load change 
during normal operation. This objective is achieved by maintaining the net tie-line power flow out 
of each area at its scheduled value. 

The following summarizes the two basic LFC objectives for an interconnected power system: 

1) Following a load change, each area should assist in returning the steady-state frequency 
error Af to zero. 

2) Each area should maintain the net tie-line power flow out of the area at its scheduled val- 
ue, in order for the area to absorb its own load changes. 

The following control strategy developed by N. Cohn meets these LFC objectives. We first 
define the Area Control Error ( ACE) as follows: 

ACE = (Die Dias gaa) +B,(f-60) (16-5 ) 
= Ap, + B,Af 
where A p,,, is the deviation in net tie-line power flow out of the area from its scheduled value 
A Pie.schea» and Af is the deviation of area frequency from its scheduled value (60Hz). Thus, the 
ACE for each area consists of a linear combination of tie-line error A p,,, and frequency error Af. 
The constant B, is called a frequency bias constant. 
The change in reference power setting A Pe of each turbine-governor operating under LFC is 


proportional to the integral of the area control error. That is, 
Age iiz K,[ACEd (16-6) 


Each area monitors its own tie-line power flows and frequency at the area control center. The 
ACE given by Equation (16-5) is computed and apercentage of the ACE is allocated to each con- 
trolled turbine-generator unit. Raise or lower commands are dispatched to the turbine-governors at 
discrete time intervals of two or more seconds in order to adjust the reference power settings. As 
the commands accumulate, the integral action Equation (16-6) is achieved. 

The constant K, in Equation (16-6) is an integrator gain. The minus sign in Equation 
(16-6) indicates that if either the net tie-line power flow out of the area or the area frequency is 


low—that is, if the ACE is negative—then the area should increase its generation. 
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When a load change occurs in any area, a new steady-state operation can be obtained only af- 
ter the power output of every turbine-generating unit in the interconnected system reaches a con- 


stant value. (” 


! This occurs only when all reference power settings are zero, which in turn occurs 
only when the ACE of every area is zero. Furthermore, the ACE is zero in every area only when 
both A P; and Af are zero. Therefore, in steady-state, both LFC objectives are satisfied. 

The choice of the B, and K, constants in Equation (16-5) and Equation (16-6) affects the 
transient response to load changes—for example, the speed and stability of the response. The fre- 
quency bias B, should be high enough such that each area adequately contributes to frequency con- 
trol. Cohn has shown that choosing B, equal to the area frequency response characteristic, B, =£, 
gives satisfactory performance of the interconnected system. The integrator gain K, should not be 
too high; otherwise, instability may result. Also, the time interval at which LFC signals are dis- 
patched, 2 or more seconds, should be long enough so that LFC does not attempt to follow ran- 
dom or spurious load changes. A detailed investigation of the effect of B,;, K; and LFC time inter- 
val on the transient response of LFC and turbine-governor controls is beyond the scope of this text. 

Two additional LFC objectives are to return the integral of frequency error and the integral of 
net tie-line error to zero in steady-state. By meeting these objectives, LFC controls both the time 
of clocks that are driven by 60Hz motors and energy transfers out of each area. These two objec- 
tives are achieved by making temporary changes in the frequency schedule and tie-line schedule in 
Equation (16-5). 

Finally, note that LFC maintains control during normal changes in load and frequency—that 
is, changes that are not too large. During emergencies, when large imbalances between generation 


and load occur, LFC is bypassed and other emergency controls are applied. 


16.6 Optimal Power Flow 


The economic dispatch problem is that how the real power output of each controlled genera- 
ting unit in an area is selected to meet a given load and to minimize the total operating costs in the 
area. Economic dispatch has one significant shortcoming—it ignores the limits imposed by the de- 
vices in the transmission system. Each transmission line and transformer has a limit on the amount 
of power that can be transmitted through it, with the limits arising because of thermal, voltage, or 
stability considerations. Traditionally , the transmission system was designed so that when the gen- 
eration was dispatched economically there would be no limit violations. Hence, just solving eco- 
nomic dispatch was usually sufficient. However, with the worldwide trend toward deregulation of 
the electric utility industry, the transmission system is becoming increasingly constrained. For ex- 
ample, in the PJM power market in the eastern United States, the number of hours with active 
transmission line limit violations increased from 294 hours during the summer of 1998 to 548 hours 
during the summer of 1999, |'*! 

The solution to the problem of optimizing the generation while enforcing the transmission 


lines is to combine economic dispatch with the power flow. The result is known as the Optimal 
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Power Flow (OPF). There are several methods for solving the OPF, with the Linear Program- 
ming (LP) approach (this is the technique used with Power-World Simulator). The LP OPF so- 
lution algorithm iterates between solving the power flow to determine the flow of power in the sys- 
tem devices and solving an LP to economically dispatch the generation (and possibility over con- 
trols) subject to the transmission system limits. In the absence of system limits, the OPF genera- 


tion dispatch will be identical to the economic dispatch solution. 


16.7 Power System Stability 


Power system stability refers to the ability of synchronous machines to move from one steady- 
state operating point following a disturbance to another steady-state operating point, without losing 
synchronism. There are three types of power system stability ; steady-state , transient, and dynamic. 

Steady-state stability, involves slow or gradual changes in operating points. Steady-state sta- 
bility studies, which are usually performed with a power-flow computer program, ensure that 
phase angles across transmission lines are not too large, that bus voltages are close to nominal val- 
ues, and that generators, transmission lines, transformers, and other equipment are not overloa- 
ded. 

Transient stability involves major disturbances such as loss of generation, line-switching oper- 
ations, faults, and sudden load changes. Following a disturbance, synchronous machine frequen- 
cies undergo transient deviations from synchronous frequency (60Hz) , and machine power angles 
change. The objective of a transient stability study is to determine whether or not the machines 


[14] 


will return to synchronous frequency with new steady-state power angles. Changes in power 


flows and bus voltages are also of concern. 





Legend gives an interesting mechanical analogy to 








the power system transient stability program. As shown 


in Fig. 16-7, a number of masses representing synchro- 





nous machines are interconnected by a network of elas- 
tic strings representing transmission lines. Assume that 


this network is initially at rest in steady-state, with the 





net force on each string below its break point, when 


Fig. 16-7 Mechanical Analog of 


Power System Transient Stability 


one of the strings is cut, representing the loss of a 
transmission line. 

As a result, the masses undergo transient oscillations and the forces on the strings fluctuate. 
The system will then either settle down to a new steady-state operating point with a new set of 
string forces, or additional strings will break, resulting in an even weaker network and eventual 
system collapse. That is, for a given disturbance, the system is either transiently stable or unsta- 
ble. 

In today’s large-scale power systems with many synchronous machines interconnected by 


complicated transmission networks, transient stability studies are best performed with a digital 


Chapter 16 Operating Characteristics of Modern Power Systems 185 


‘'5] For a specified disturbance, the program alternately solves, step by step, 


computer program. 
algebraic power-flow equations representing a network and nonlinear differential equations repre- 
senting synchronous machines. Both pre-disturbance, disturbance, and post-disturbance computa- 
tions are performed. The program output includes power angles and frequencies of synchronous 
machines, bus voltages, and power flows versus time. 

In many cases, transient stability is determined during the first swing of machine power an- 
gles following a disturbance. During the first swing, which typically lasts about 1 second, the me- 
chanical output power and the internal voltage of a generating unit are often assumed constant. 
However, where multiswings lasting several seconds are of concern, models of turbine-governors 
and excitation systems, as well as more detailed machine models can be employed to obtain accu- 
rate transient stability results over the longer time period. |'®! 

Dynamic stability involves an even longer time period, typically several minutes. It is possi- 
ble for controls to affect dynamic stability even though transient stability is maintained. The action 
of turbine-governors, excitation systems, tap-changing transformers, and controls from a power 
system dispatch center can interact to stabilize or destabilize a power system several minutes after a 


disturbance has occurred. 


New Words and Expressions 























1. synchronous generator WJJ A EWL 21. integral adj. FRANH 

2. prime mover JRBIHL 22. discrete adj. EH 

3. hydraulic adj. JKH ÈY 23. circuit breaker Wri #r 

4. backbone n. EFW] 24. substation n. ZEA SA 

5. power factor J% pHi% 25. tap-changing transformer S48 Rt 
6. resistive adj. HABAAY 26. outage n. Wre 

7. turbine-generator JAER HE HL 27. frequency deviation Jim 
8. regulator n. VJT AF 28. diesel n. 4y 

9. governor n. JEKS 29. spinning reserve #4754 

10. generator exciter & WULD RE at 30. optimal power flow Fethi 
11. field winding hR 22H 31. saturation n. {fA 

12. voltage transformer i, ARR AE 32. unit step MKEK 

13. rectifier n. Ýi 33. exponentially adv. LidEBOT se 
14. slip ring HE 34. compensator n. #3248 E 

15. brushless exciter chill JRA 35. overshoot n. $E E 

16. thyristor n. iai 36. first derivative — Kr% 

17. armature winding EX2 37. deadband n. SEK 

18. electrical torque HE #4445 38. bypass v. it, WJF 

19. assist in #88), WAE) 39. phase angle +A ff 


20. bias n. iE, mM 40. differential adj. AYÉ 


186| BRALES AUS WRF 


Notes 


[1] Single-phase residential and commercial loads are distributed equally among the phases 
so as to effectively form a balanced three-phase system. 

PORE EP Ped Mb a 9 GH 9) TE, AA RER T SEAR SE 

[2] A similar diagram for the distribution system can be drawn with bulk substations repla- 
cing the generators as the sources of power and with lower-level loads replacing the bulk power 
loads shown in Fig. 16-1. 

— AREA SC E A&E PAT AY A h EREEREER, A TE ORR 
WEEVIL, MACHR a AE TER 16-1 PTR Hit 

[3] When a reference voltage Vpis raised (or lowered) , the output voltage V, of the regula- 
tor increases (or decreases) the exciter voltage E, applied to the generator field winding, which in 
turn acts to increase (or decrease) V, 

ASHE Voedt (RER) PNY, Daa Ha EE V, it EA HL Bee EL A) e, 
E EaSI (BD) , Bea Ac EHUN WE SEE AS eS Eua EH, MAT RRS) RE 
Lm HL Vo 


[4] The governor also monitors rotor speed w„, which is used as a feedback signal to con- 


m? 


trol the balance between p,, and the electrical power output p, of the generator. 

Dal ath oP TRE wn, CRAEN pa MEELI EIKA h p AI F 
Mh — A o 

[5] Today’s systems are composed of interconnected areas, where each area has its own 
control center. 

DUENY RSC ABE A ED AMA, KENKREA E A PE RS 

[6] This information is used by automatic Load-Frequency Control ( LFC) in order to main- 
tain area frequency at its scheduled value (60Hz) and net tie-line power flow out of the area at its 
scheduled value. 

A ZIGA T RP E HE fi TS EEE 600z, FF AE AL HIA DX IR AY eB 2 R D 
A SUE AE. 

[7] For brushless exciters, AC power is obtained from an “inverted” synchronous generator 
whose three-phase armature windings are located on the main generator rotor and whose field 
winding is located on the stator. 

SLAC Mn a EL MTT ee, rm BEM TH] AG Ae HLH RI IR, LA SE fie FER HL 
MRP EL, Hawes titer. 


[8] In practice, high-gain, fast-responding exciters provide large, rapid increases in field 





voltage E; during short circuits at the generator terminals in order to improve transient stability af- 
ter fault clearing. 

ESD, mia, PIAL ON FY DT ie EH, BTL eA EN YD Be EE RS SD eH, E 
Eu, VA tetra BC BRT BR Js BF ASE o 

[9] When an electrical load change occurs, the tuibine-generator rotor accelerates or decel- 
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erates, and frequency undergoes a transient disturbance. 

HLH Sie tar Bee EIS, AA HE ACHAT BG , ALR ee BL 
HTH, 

[10] In a power system consisting of interconnected areas, each area agrees to export or im- 
port a scheduled amount of power through transmission-line interconnections, or tie-lines, to its 
neighboring areas. 

Fe— PH IK A A ARSE, A Pe aT A RA AG, BE“ SB HE 
fay A ait HH Bie DRA HOES BY) KR 


[11] Each area should maintain the net tie-line power flow out of the area at its scheduled 








value, in order for the area to absorb its own load changes. 
EP DR NUT RFE (AE aT A ft A ER it, WE A E K ta 
AEG 


[12] When a load change occurs in any area, a new steady-state operation can be obtained 





only after the power output of every turbine-generating unit in the interconnected system reaches a 
constant value. 

“TELE — TBP AE ti EI, FERRER, MLER — AC HL H 
KAIHE, MARIA EIS TT R o 


[13] For example, in the PJM power market in the eastern United States, the number of 





hours with active transmission line limit violations increased from 294 hours during the summer of 
1998 to 548 hours during the summer of 1999. 

On, MPR ABAY PIM EJT, Fe HACCP AY ATR FH 1998 FREK 294h 1 
IMME 1999 FRÆK 548h, (PJM Æ Pennsylvania-New Jersey-Maryland, T PUY: JE W.-H pH- 
5, FA AY TT PK, ) 


[14] The objective of a transient stability study is to determine whether or not the machines 

















will return to synchronous frequency with new steady-state power angles. 
PAS Fea FE PED SE AY) Fl pa a A AE HL La Pt ee eB) A TY AS 8 A BY Ue] A 
[15] In today’s large-scale power systems with many synchronous machines interconnected 
by complicated transmission networks, transient stability studies are best performed with a digital 
computer program. 
INS, PENA VE i et 8 £2 Hi 2 HRK ELR RERA, A E 
BETAS Fa FE PEAY OP EAR A HOR 


[16] However, where multiswings lasting several seconds are of concern, models of turbine- 








governors and excitation systems, as well as more detailed machine models can be employed to 
obtain accurate transient stability results over the longer time period. 

SRI, AFFERRI, A A RE ed a ak A ARO, AE PE 
EA) ATL OR ECE BCR — Boe PNY Ta] PX ET FY Pt AS EER o 

















Chapter 17 Generating Plants 


In this chapter we give a simplified description of power sources, called generating plants ( or 
generators). Most commonly the generating plants convert energy from fossil or nuclear fuels, or 


from falling water, into electrical energy. 


17.1 Electric Energy 


Electricity is only one of many forms of energy used in industry, homes, businesses, and 
transportation. It has many desirable features: it is clean (particularly at the point of use), con- 
venient, relatively easy to transfer from point of source to point of use, and highly flexible in its 
use. ''!In some cases it is an irreplaceable source of energy. 

Fig. 17-1 is a useful summary of electric energy sources and their transition to end users for 
the United States in 1996. The basic energy sources are shown on the left. The end users of the 
electricity are shown on the right. Only about one-third of the resource energy is converted into 
electricity ; about two-thirds is lost as “waste heat” . In some cases this heat is not wasted. It can 
be used for heating homes and offices or for some industrial processes. 

In Fig. 17-1, the T &D losses are transmission and distribution losses (almost 10% of the net 
generation of electricity). Also, note the significant amount of nonutility energy generated in 
1996. Changes in government energy policy have encouraged this growth. In the period from 1990 
to 1995, nonutility power generation grew by 47%. 

In 1996, most of the production has been in conventional steam plants. Conventional steam 
refers to steam generation by burning coal, petroleum, or gas. Approximately 3, 000 billion kilo- 
watt hours of electricity were produced. Of this, coal accounted for approximately 56% , petrole- 
um 2% , natural gas 8% (totaling 66% for conventional steam) , hydropower 11% , nuclear pow- 
er 22% , and others, including gas turbines, about 1%. Note that nuclear and geothermal power 
plants also generate steam but not by burning fossil fuels. 

In 1996, of the total installed generating capability of approximately 710 million kilowatts , 
some 63% was conventional (fossil fuel) steam, 14% was hydropower, 14% was nuclear, 8% 
was gas turbine, and others totaled about 1%. '*' Comparing these with the production figures giv- 
en earlier, we see great differences in the utilization rates of the various sources. Nuclear power 
has the highest rate. Gas turbines and internal combustion engines are among the lowest in the rate 
of utilization. We will discuss the reasons in a moment. 

First, it is interesting to calculate an overall utilization factor for 1996. Suppose that it had 
been possible to utilize the 710 million kilowatt capability full time. Then the plants would have 
produced 710 x 10’ x 8760 = 6220 x 10" watthours in 1996. They actually produced 3078 x 10” 
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watthours. Thus the annual capability factor or load factor was 3078/6220 =0.49 or 49%. Why 
isn’t the figure higher? 


Electric utilities U.S. electricity flow , 1996 
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Fig. 17-1 U.S. Electricity Supply and Demand 
(From Annual Energy Review 1996, U. S. Department of Energy. ) 


There are two main reasons. The first is that generating units are not always available for 
service. There is downtime because of maintenance and other scheduled outages; there are also 


forced outages because of equipment failures. The availability of fossil-fuel steam turbine units 
ranges from about 80% to about 92%. 


The second reason involves a characteristic of 




















the load. While there must be enough generating 7" 100 
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peak-load demand, the load is variable, with dai- 2 F a 
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a lower average value. 3] The daily variations are i i | | | | | | 
roughly cyclic with a minimum value (the basel- Mod. Tues. Wed. Thur. Fri. Sat. Sun. 
oad) typically less than one-half of the peak val- Fig. 17-2 Daily Load Output (typical week) 


ue. A typical daily load curve for a utility is 


shown in Fig. 17-2. The ( weekly) capability factor for this particular utility is seen to be approxi- 
mately 65%. 
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In meeting the varying load requirements , economic considerations make it desirable to utilize 
plants fully with low (incremental) fuel costs while avoiding the use of plants with high fuel 
costs. |4! This, in part, explains the use of nuclear plants for base-load service and gas turbines for 
peaking-power service; the different rates of utilization of these sources were noted earlier. 

Finally , it is interesting to reduce the enormous numbers describing production and generating 
capability to human terms. In 1996 the U. S. population was approximately 265 million. Thus, 
there was a generating capability of approximately 710/265 =2. 68kW per person. Using the fig- 
ure 0. 49 for the capability (or load) factor, this translates into an average use of energy at the 
rate 1. 3kW per person. The latter figure is easy to remember and gives an appreciation of the rate 
of electricity consumption in the United States. 

In the next few sections we consider some typical power plant sources of energy: fossil-fuel 


steam plants, nuclear plants, and hydroelectric plants. 


17.2  Fossil-Fuel Plants 


In a fossil-fuel plant, coal, oil, or natural gas is burned in a furnace. The combustion pro- 
duces hot water, which is converted to steam, and the steam drives a turbine, which is mechani- 
cally coupled to an electric generator. A schematic diagram of a typical coal-fired plant is shown 
in Fig. 17-3. In brief, the operation of the plant is as follows: Coal is taken from storage and fed to a 


pulverizer (or mill), mixed with preheated air, and blown into the furnace, where it is burned. [5] 
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Fig. 17-3 Coal-Fired Power Station (schematic ) 


The furnace contains a complex of tubes and drums, called a boiler through which water is 
pumped; the temperature of the water rises in the process until the water evaporates into steam. 
The steam passes on to the turbine, while the combustion gases (flue gases) are passed through 


mechanical and electrostatic precipitators, which remove upward of 99% of the solid particles 
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(ash) before being released to the chimney or stack. |°! 

The unit just described, with pulverized coal, air, and water as an input and steam as a use- 
ful output, is variously called a steam-generating unit, or furnace, or boiler. When the combus- 
tion process is under consideration, the term furnace is usually used, while the term boiler is more 
frequently used when the water-steam cycle is under consideration. The steam, at a typical pres- 
sure of 3, 500 psi and a temperature of 1, 050°F , is supplied through control and stop (shutoff) 
valves to the steam turbine. The control valve permits the output of the turbine-generator unit (or 
turbogenerator) to be varied by adjusting steam flow. The stop valve has a protective function; it 
is normally fully open but can be “tripped” shut to prevent overspeed of the turbine-generator unit 
if the electrical output drops suddenly (due to circuit-break action) and the control valve does not 
close. 

Fig. 17-3 suggests a single-stage turbine , but in practice a more complex multistage arrange- 
ment is used to achieve relatively high thermal efficiencies. A representative arrangement is shown 
in Fig. 17-4. Here, four turbines are mechanically coupled in tandem and the steam cycle is com- 
plex. In rough outline, high-pressure steam from the boiler (superheater) enters the high-pressure 
(HP) turbine. Upon leaving the HP turbine, the steam is returned to a section of the boiler ( re- 
heater) and then directed to the intermediate-pressure (IP) turbine. Leaving the IP turbine, the 
steam (at lower pressure and much expanded) is directed to the two low-pressure (LP) turbines. 
The exhaust steam from the LP turbines is cooled in a heat exchanger called a condenser and, as 
feedwater, is reheated ( with steam extracted from the turbines) and pumped back to the boiler. 

Finally, we get to the electric generator itself. The turbine turns the rotor of the electric gen- 
erator in whose stator are embedded three (phase) windings. In the process mechanical power 
from the turbine drive is converted to three-phase alternating current at voltages in the range from 
11kV to 30kV line to line at a frequency of 60Hz in the United States. The voltage is usually 
“stepped up” by transformers for efficient transmission to remote load centers. 

Steam-driven turbine generators (a generator also called an alternator or synchronous gener- 
ator) are usually two-pole or four-pole, turning at 3, 600 r/min or 1, 800 r/min, respectively, 
corresponding to 60Hz. The high speeds are needed to achieve high steam turbine efficiencies. At 
these rotation rates, high centrifugal forces limit rotor diameters to about 3. 5ft for two-pole and 7ft 
for four-pole machines. 

The average power ratings of the turbine-generator units we have been describing have been 
increasing, since the 1960s, from about 300MW to about 600MW, with maximum sizes up to 
about 1, 300MW. |"! Increased ratings are accompanied by increased rotor and stator size, and 
with rotor diameters limited by centrifugal forces, the rotor lengths have been increasing. Thus, in 
the larger sizes, the rotor lengths may be five to six times the diameters. These slender rotors reso- 
nate at critical speeds below their rated speeds, and care is required in operation to avoid sustained 
operation at these speeds. [3] 

Finally, we note some problems associated with the use of coal-fired power plants. Mining 


and transportation of coal, present safety hazards and other social costs. Coal-fired plants share en- 
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vironmental problems with some other types 


greenhouse effect. 








of fossil-fuel plants; these include acid rain and the 
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Fig. 17-4 Thermodynamic Cycle Diagram 
( Adapted from McGraw-Hill Encyclopedia of Energy, 2nd ed, Sybil P. Parker. Ed, 1977. 
Courtesy of McGraw-Hill Book Company, New York. ) 


17.3 Nuclear Power Plants 


Controlled nuclear fission is the source of energy in a nuclear power plant. In the process of 
fission, heat is generated that is transferred to a coolant flowing through the reactor. Water is the 
most common coolant, but gases, organic compounds, liquid metals, and molten salts have also 


been used. 
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In the United States the two most common types of nuclear plants, collectively called light- 
water reactors, are the boiling-water reactor (BWR) and the pressurized-water reactor (PWR) , 
and both use water as coolant. |”! 

In the BWR the water is allowed to boil in the reactor core; the steam is then directed to the 
turbine. In the PWR there may be two or more cycles or loops linked by heat exchangers but oth- 
erwise isolated from each other. In all but the last stage (the secondary of which carries steam to 
the turbine) the water is pressurized to prevent steam generation. 

Although it might appear that the only difference between a nuclear plant and a fossil-fuel 
plant is the way the steam is produced (i.e. , by nuclear reactor/steam generator rather than fur- 
nace/boiler) , there are some other differences. For example, nuclear steam generators are pres- 
ently limited in their temperature output to about 600°F (compared with about 1, 000°F for a 
fossil-fuel plant). This has a negative impact on thermal efficiency (30% instead of 40% ) and on 
steam conditions in the turbines. There are, of course, major differences in the fuel cycle (supply 


and disposal) and in requirements for plant safety. 


17.4 Hydroelectric Power Plants 


Hydroelectric generation is an important source of power in the United States, accounting for 
approximately 14% of the installed generating capability and 11% of the energy production in 
1996. Hydroplants are classified as high head (over 100ft) or low head. The term head refers to 
the difference of elevation between the upper reservoir above the turbine and the tail race or dis- 
charge point just below the turbine. ‘'°! For very high heads (600 to 6, OOOft) Pelton wheels or 
impulse turbines are used; these consist of a bucket wheel rotor with one or more nozzles directed 
at the periphery. For medium-high heads (120 to 1, 600ft) Francis turbines are used. These turn 
on a vertical axis, with the water entering through a spiral casing and then inward through adjusta- 
ble gates (i. e. , valves) to a runner (i. e. , turbine wheel) with fixed blades. |"! The low-head 
Kaplan-type turbine is similar but has adjustable blades in the runner. The efficiency of these tur- 
bines is fairly high, in the neighborhood of 88% to 93% when operating at their most efficient 
points. 

We note a highly desirable feature of hydropower plants; the speed with which they may be 
started up, brought up to speed, connected to the power network, and loaded up. This process 
can be done in five minutes, in contrast to many hours in the case of thermal plants; the job is al- 
so much simpler and adaptable to remote control. Thus, hydropower is well suited for turning on 
and off at a dispatcher’s command to meet changing power needs. When water is in short supply, 
it is desirable to use the limited available potential energy sparingly , for periods of short duration, 
to meet the peak-load demands. When water is plentiful, with the excess flowing over the spillway 
of the dam, base-loading use is indicated. 

Hydropower can effectively meet peak demand in locations without suitable water flows by 


using pumped storage. Water is pumped from a lower reservoir to a higher one during off-peak 
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times (generally at night) and the water is allowed to flow downhill in the conventional hydroelec- 
tric mode during times of peak demand. Off peak, the generators, operating as motors, drive the 
turbines in reverse in a pumping mode. The overall efficiency is only about 65% to 70% , but the 
economics are frequently favorable when one considers the economics of the overall system, inclu- 
ding the thermal units. Consider the following. It is not practical to shut down the largest and most 
efficient thermal units at night, so they are kept online, supplying relatively small (light) loads. 
When operating in this mode the pumping power may be supplied at low incremental costs. On the 
other hand, at the time of peak demand the pumped storage scheme provides power that would 
otherwise have to be supplied by less efficient (older) plants. In a sense, from the point of view 
of the thermal part of the system, the pumped storage scheme “shaves the peaks” and “fills the 


troughs” of the daily load-demand curve. |”! 


17.5 Wind Power Systems 


Globally , wind power development is experiencing dramatic growth. According to the Global 
Wind Energy Council, GWEC, 15, 197MW wind turbine has been installed in 2006, an increase 
of 32% over 2005. The installation of the total global wind energy capacity is increased to 74, 
223MW by the end of 2006 from 59, 091 MW of 2005. In terms of economic value, the wind 
energy sector has now become one of the important players in the energy markets, with the total 
value of new generating equipment installed in 2006 reaching US $23 billion or € 18 billion. |” 

Europe continues to lead the world in total installed capacity. In2006, the country having the 
highest total installed capacity is Germany with 20, 621MW. Spain and the United States are in 
second and third place, each with a little more than 11, 603MW installed. India is in fourth 
place, and Denmark ranks fifth. Asia experienced the strongest increase in installed capacity out- 
side of Europe, with an addition of 3, 679MW, taking the total capacity over 10, 600MW, 


‘4! The Chinese market was boosted by the country’s new Renewable 


about half that of Germany. 
Energy Law. China has more than doubled its total installed capacity by installing 1, 347MW of 
wind energy in 2006, a 70% increase over 2005. This brings China up to 2, 604MW of capaci- 
ty, making it the sixth largest market worldwide. It is expected that more than 1, SOOMW will be 
installed in 2007. Growth in African and Middle Eastern market also picked up in 2006, with 
172MW of new installed capacity—mainly in Egypt, Morocco, and Iran—bringing the total up to 
441MW, a 63% growth. 

The European Wind Energy Association (EWEA) has set a target to satisfy 23% European elec- 
tricity needs with wind by 2030. The exponential growth of the wind industry reflects the increasing de- 
mand for clean, safe and domestic energy and can be attributed to government policies associated with 
the environmental concerns, research and development of innovative cost-reducing technologies. 

The large scale development of wind power results in the wind turbines/farms becoming a 
significant part of the generation capacity in some area, which requires that the power system treats 


the wind turbines/farms like a power source, not only an energy source. The wind power penetra- 
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tion would result in variations of load flows in the interconnected systems, as well as re-dispatch 
of conventional power plants, which may causes the reduced reserve power capacity. Some ac- 
tions become necessary to accommodate large scale wind power penetration. For example, the 
electric grid may need an expansion for bulk electricity transmission from offshore wind farms to 
load centers, and it may require reinforcement of existing power lines or construction of new pow- 
er lines, installation of Flexible AC Transmission system (FACTs) devices, etc. 

The electrical power produced by wind turbine generators has been increasing steadily , which 
directly pushes the wind technology into a more competitive area. Basically a wind turbine consists 
of a turbine tower, which carries the nacelle, and the turbine rotor, consisting of rotor blades and 
hub. Most modern wind turbines have three rotor blades usually placed upwind of the tower and 
the nacelle. On the outside the nacelle is usually equipped with anemometers and a wind wane to 


‘5! The nacelle contains the 


measure the wind speed and direction, as well as with aviation lights. 
key components of the wind turbine, e. g. the gearbox, mechanical brakes, electrical generator, 
control systems, etc. The wind turbines are not only installed dispersedly on land, but also com- 
bined as farms with capacities of hundreds MWs, which are comparable with modern power gener- 
ator units. Consequently, their performance could significantly affect power system operation and 
control. The main components of a modern wind turbine system are illustrated in Fig. 17-5, inclu- 


ding the turbine rotor, gear box, generator, transformer and possible power electronics. 
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Fig. 17-5 Main Components of a Wind Turbine System 


The conversion of wind power to mechanical power is done aerodynamically. The available 
power depends on the wind speed but it is important to be able to control and limit the power at high- 
er wind speed to avoid damage. The power limitation may be done by stall control (the blade position 
is fixed but stall of the wind appears along the blade at higher wind speed), or active stall (the blade 
angle is adjusted in order to create stall along the blades) or pitch control (the blades are turned out of 


the wind at higher wind speed) , which result in power curves as shown in Fig. 17-6. 
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Fig. 17-6 Power Characteristic of Fixed Speed Wind Turbines 
a) Stall Control b) Active Stall Control c) Pitch Control 
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Mainly three types of typical wind generator systems exist. The first type is a constant-speed 
wind turbine system with a standard squirrel-cage induction generator (SCIG) directly connected 
to the grid. The second type is a variable speed wind turbine system with a doubly fed induction 
generator (DFIG). The power electronic converter feeding the rotor winding has a power rating of 
approximately 30% of the rated power; the stator winding of the DFIG is directly connected to the 
grid. The third type is a variable speed wind turbine with full-rated power electronic conversion 
system and a synchronous generator or a SCIG. A multi-stage gearbox is usually used with the 
first two types of generators. Synchronous generators, including permanent magnet generator, 
may be direct driven, though a low ratio gear box system, one or two stage gearbox, becomes an 
interesting option. 

The suitable voltage level is related to the amount of power generated. A modern wind tur- 
bine is often equipped with a transformer stepping up from the generator terminal voltage, usually 
a voltage below 1kV, to a medium voltage around 20kV or 30kV, for the local electrical connec- 
tion within a wind farm. If the wind farm is large and the distance to the grid is long, a transform- 
er may be used to further step up the medium voltage in the wind farm to a high voltage at trans- 
mission level. For example, for large onshore wind farms at hundreds of MW level, high voltage 
overhead lines above 100kV are normally used. For offshore wind farms with a long distance 
transmission to an onshore grid, a high voltage submarine cable with a lead sheath and steel ar- 
mour may have to be used. The power generated by an offshore wind farm is transferred by the 
submarine cables buried in the seabed. The cables between the turbines are linked to a transformer 
substation, which, at most cases, will be placed offshore due to the long distance to shore, but for 
near shore wind farms (5km or less from the shore) it may be placed onshore. Either oil-insulated 
cables or PEX-insulated cables can be used. The reactive power produced by the submarine cable 
connecting an offshore wind farm could be high, a 40km long cable at 150kV would produce 
around 100Mvar, and reactors may be needed to compensate the reactive power produced by the 
cable. For long distance transmission, the transmission capacity of the cables may be mainly occu- 
pied by the produced reactive power. In this situation high voltage direct current (HVDC) trans- 
mission techniques may be used. The new technology, voltage source converter based HVDC sys- 
tem, provides new possibilities for performing voltage regulation and improving dynamic stability 
of the wind farm as it is possible to control the reactive power of the wind farm and perhaps keep 
the voltage during a fault in the connected transmission systems. 

Wind energy has the potential to play an important role in the future energy supply in many 
areas of the world. Within the past decades, wind turbine technology has reached a very reliable 
and sophisticated level. The growing world-wide market will lead to further improvements, such 
as large wind turbines or new system applications, e. g. offshore wind farms. These improvements 
will lead to further cost reductions and over the medium term wind energy will be able to compete 
with conventional fossil fuel power generation technology. Further research, however, will be re- 


quired in many areas, and the skills will grow more and more mature. 


Chapter 17 Generating Plants 197 


17.6 Photovoltaic Systems 


A photovoltaic system is an integrated assembly of modules and other components, designed 
to convert solar energy into electricity to provide a particular service, either alone or in combina- 
tion with a back up supply. L16] A module is the basic building block of a photovoltaic generator. It 
is defined as the smallest complete, environmentally protected assembly of series connected solar 
cells. The cells are encapsulated between a transparent window and a moisture proof backing to in- 
sulate them electrically , as well as from the weather and accidental damage. Digital leads are pro- 
vided for connecting it to other modules or components or the load. The modules in a PV array are 
connected in series strings to provide the required voltage, and if one string is not enough to pro- 
vide the required power, two or more strings are connected in parallel. 

In its simplest form, a standalone photovoltaic system consists of an array of one or more 
photovoltaic modules supplying the load directly ( Fig. 17-7). Such a system can be used for water 
pumping, battery charging, etc. The addition of an inverter makes the system suitable for domes- 
tic supplies when the load consists of AC appliances (Fig. 17-8). Moreover, to carry the load 
during the night or during periods of low irradiance, a storage battery with a charge regulator must 
be added to the basic system (Fig. 17-9 and Fig. 17-10). 

So, we have seen above that, in a complete photovoltaic system, the solar cell, inverter, 


regulator, battery, rectifier, etc. are the important components of the system. 
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Fig. 17-7 Standalone DC System without Battery 
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Fig. 17-8 Standalone AC System without Battery 
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Fig. 17-9 Standalone DC System with Battery 


198 BALES Amt SWF 








regulator 





| merer | 
to AC loads 


Fig. 17-10 Standalone AC System with Battery 
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E. 


a 





. internal combustion engine PYKAHL 
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. peak-load fey KE Hf Foy 
. base load JEAN fi iy 
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storage n. IKE 
pulverizer n. REWL 

mill n. HNL 

drum n. AE, Pfi 
evaporate v. eR, ME 
precipitator n. KRE% 
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coal hopper KE 

stop valve T] 

control valve JJI] 
condenser n. WEIK É* 

steam seal Jif 

enthalpy n. ki, WK 
alternator n. 207 AHL 


. centrifugal force BDH 

. resonate v. EIR 

. greenhouse effect jfk AZU 
30. 
31. 
„reactor n. AHE 

. organic compound AHAH 
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. reservoir n. /KJÆ 
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nuclear fission 4% 
coolant n. “EF 





. bring up to speed JME 

. load up PREMA fay 

. remote control #7% 

. dispatcher n. VIE HH 

. spillway n. iÉ 

. pumped storage HK #ÍE 

. off-peak 3E 14 

. shaves the peaks iil 

. fills the troughs HA 

. photovoltaic adj. 6H (W) AY 
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Notes 


[1] It has many desirable features; it is clean (particularly at the point of use) , convenient, 
relatively easy to transfer from point of source to point of use, and highly flexible in its use. 

CAVA: ERA CRETE EMD). Fr, MAUR E H i FE 
PEA Tr EY, EE th es ET S o 


[2] In 1996, of the total installed generating capability of approximately 710 million kilo- 





watts, some 63% was conventional (fossil fuel) steam, 14% was hydropower, 14% was nucle- 
ar, 8% was gas turbine, and others totaled about 1%. 

TE 1996 E, EAHA 7. 1 {A kW, RP 63% AeA (RAH), 14% HK 
KE, 14% WE, 8% AKA VHEDL ACHE, FU 1% , 


[3] While there must be enough generating capability available to meet the requirements of 





the peak-load demand, the load is variable, with daily, weekly, and seasonal variations, and thus 
has a lower average value. 

Seinphie A. Jel, BAAR, AKRA BURA EIS, PAT RSC EY) 
REER AE fey WE A Hy Ro 

[4] In meeting the varying load requirements, economic considerations make it desirable to 
utilize plants fully with low (incremental) fuel costs while avoiding the use of plants with high fu- 
el costs. 

Cet TE tar ETO IN, IRAE Ca, MEREANA (MR) PALE 
FAB HET, TaN t ame Oe fall Hes eA AY HL o 


[5] In brief, the operation of the plant is as follows: Coal is taken from storage and fed to a 











pulverizer (or mill), mixed with preheated air, and blown into the furnace, where it is burned. 
fiz, TL) HREF: MOREE, FFA RCA ROL, SBUANZS URE, 
FFEAMRAIIA, EI ARKE 


[6] The steam passes on to the turbine, while the combustion gases (flue gases) are passed 





through mechanical and electrostatic precipitators, which remove upward of 99% of the solid par- 
ticles (ash) before being released to the chimney or stack. 

ARTUR THE, TRAGER OWT) MELAR ERE, CE BRE BC Bl HA al i AT LA 
BR 99% DI E ATRL AS AIK. 


[7] The average power ratings of the turbine-generator units we have been describing have 








been increasing, since the 1960s, from about 300MW to about 600MW, with maximum sizes up 
to about 1, 300MW. 

H 20 HE2 60 FRAR, Fe — BER A A LAF ite Ds EST, MA 
300MW #!) (OOMW, KAA 1300MW,, 


[8] These slender rotors resonate at critical speeds below their rated speeds, and care is re- 








quired in operation to avoid sustained operation at these speeds. 
J PEAR BFS FEAR PE EF HR A HEP ts FEB Se Eg, PAL EG a SPE zs 
ERPF T o 
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[9] In the United States the two most common types of nuclear plants, collectively called 
light-water reactors, are the boiling-water reactor (BWR) and the pressurized-water reactor 
(PWR), and both use water as coolant. 

ERE, WAEN EIK Ne HEE BY) A HE GE A SE BES Fp ll Ja eB K J HE 
(BWR) #IFRAKHE (PWR), FP EAKINS AB 


[10] The term head refers to the difference of elevation between the upper reservoir above 





the turbine and the tail race or discharge point just below the turbine. 
IKK FETS EF AHCI EA BC Tea PS AE SG A SE AC LR O eh KT IK A 2 


[11] These turn on a vertical axis, with the water entering through a spiral casing and then 





inward through adjustable gates (i.e. , valves) to a runner (i.e. , turbine wheel) with fixed 
blades. 

iLL Ba cE ACY AC AE De) PS aed To OY ah Be A EAR BK PE LE i) 
E, MATIK cry ah 


[12] In a sense, from the point of view of the thermal part of the system, the pumped stor- 











age scheme “shaves the peaks” and “fills the troughs” of the daily load-demand curve. 

ERRELE, MAR SEAS HE SABER TL, THK AA AE AIS TTL H fir hea r — A 
HUMES HITE FH 

[13] In terms of economic value, the wind energy sector has now become one of the impor- 
tant players in the energy markets, with the total value of new generating equipment installed in 
2006 reaching US $23 billion or € 18 billion. 

PAA OME a, URES CE Zs WY Be UR RERI Z. TE 2006 F, PA) 
BED BCS HEI 230 ALRI (180 ALKE) . 

[14] Asia experienced the strongest increase in installed capacity outside of Europe, with an 
addition of 3, 679MW, taking the total capacity over 10, 600MW, about half that of Germany. 

BROS, MWR ALA REM Katt, BH 3679MW, EVR HLA EEL IA 10 600MW, 24 
FYFE ER OLA IF 


[15] On the outside the nacelle is usually equipped with anemometers and a wind wane to 














measure the wind speed and direction, as well as with aviation lights. 
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[16] A photovoltaic system is an integrated assembly of modules and other components, de- 











signed to convert solar energy into electricity to provide a particular service, either alone or in 
combination with a back up supply. 
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Chapter 18 Concepts and Models for 
Microgeneration and Microgrids 


18.1 Introduction 


In the last years, the electric power system experienced a massive adoption of Distributed 
Generation (DG) resources. ‘'’ The change of paradigm was more perceptible due to the connec- 
tion of large amounts of DG sources to Medium Voltage (MV) distribution networks. However, 
recent technological developments are contributing to the maturation of some DG technologies, 
such that they are becoming suitable to be connected to Low Voltage (LV) distribution grids. 
Regarding a scenario characterized by a massive integration of DG in the network, several techni- 
cal issues need to be tackled. In order to face these challenges and to realize the potential benefits 
of DG resources, it is imperative to develop a coordinated strategy for its operation and control, 
together with electrical loads and storage devices. PLA: possible approach is the development of the 
MicroGrid ( MG) concept. Within the scope of this dissertation, a MG comprise a LV distributed 
system with small modular generation technologies, storage devices and controllable loads, being 
operated connected to the main power network or islanded, in a controlled coordinated way. The 
small modular generation technologies, also denominated by MicroSources (MS), are small 
units with electrical power ratings of less than 100k. We, most of them with power electronic in- 
terfaces, and exploiting either Renewable Energy Sources (RES) or fossil fuels in high efficiency 
local Combined Heat and Power (CHP) applications. The types of MS suitable to be used in a 
MG are: micro gas turbines, fuel cells (different types) photovoltaic panels, small and micro 
wind generators, together with storage devices such as batteries, flywheels or supercapacitors. 

The MG concept is a natural evolution of simple distribution networks with high amounts of 
DG, since it offers considerable advantages for network operation due to its additional control ca- 
pabilities. °! The formation of active LV networks through the exploitation of the MG concept can 
potentially provide a number of benefits to the Distribution Network Operator (DNO) and to the 
end-user. These benefits are in-line with the major factors contributing to a massive adoption and 
deployment of DG technologies: 

1) MG operation is based in a large extent on RES and MS characterised by zero or very low 
emissions. In addition, the reduction of distribution system losses resulting from DG integration 
contributes also for decreasing Greenhouse Gas (GHG) emissions. 

2) MG will exploit either RES or fossil fuels in high efficiency local micro-CHP applica- 
tions. The intensive use of micro-CHP applications contributes to the raise of overall energy sys- 


tems efficiency to levels far beyond what is possible to achieve with central power stations. On the 


202| BALES EAU S WRF 


other hand, the exploitation of local RES will contribute to the reduction of the dependence on im- 
ported fossil fuel and to increase energy security. 

3) A consumer integrated in a MG will be able to act both as a buyer or seller of thermal and 
electrical energy. This flexibility potentially allows the development of a generation system with a 
higher overall efficiency and being able to be more responsive to customer needs. 

4) A well designed MG is capable of enhancing power system reliability at the customer lev- 
el, since two independent sources (the MV distribution grid and DG units) can be used to supply 
the electrical loads. '‘*! Also, the transmission system dynamic stability can be improved under a 
scenario of provision of ancillary services by DG. Additional benefits such as voltage support or 
enhanced power quality can also be provided by MG. 

5) The installation of power generation closer to the loads lowers overall system transmission 
and distribution losses, and can be an interesting solution in order to face the growing power 
needs. In fact, DG can potentially prevent or defer the investments required for upgrading or 
building additional central power generation units or transmission and distribution infrastructures. 

Achieving a coordinated control of the MG cell in order to provide the required flexibility of 
operation is a challenging task and can be realized only by means of the hierarchical control struc- 
ture to be developed according to MG specific requirements. The exploitation of a centralized con- 
trol strategy would require multiple high data rate bidirectional communication infrastructures , 
powerful central computing facilities and a set of coordinated control centers. Therefore, such an 
approach is not attractive for a practical realization due to the inherent high costs of a high data rate 
and extremely reliable telecommunication and control infrastructure. Additionally, and in order to 
guarantee an efficient and reliable control of the MG under abnormal operating conditions, the 
most practical approach should rely on a network of local controllers in order to handle the resul- 
ting transient phenomena and guarantee MG survival. [5] Therefor, MG control strategies should be 
based on a network of controllers with local intelligence. The information to be exchanged should 
be limited to the minimum necessary to achieve the optimization of MG operation when the MG is 
connected to the main grid, to assure stable operation during islanding conditions and to imple- 
ment local recovery functionalities after a general failure (local Black Start functionalities ) . 

Regarding MG operation and control specificities, they are inherently associated with a set of 
issues, including safely, reliability, voltage profile, power quality, protection, unbalance/asym- 
metry and non-autonomous/autonomous operation. In particular, the operation and control issues 
of a MG are challenging problems due to the very specific nature of the new electrical power sys- 
tem under consideration. Therefore, adequate modeling of MS, storage devices and power elec- 
tronic interfaces is also addressed in this chapter, since it is the first step required in order to evalu- 
ate the dynamic interactions that may occur within a MG and to evaluate the feasibility of the con- 
trol strategies to be derived. ‘° 

This chapter contains therefore the presentation of the MG concept and its overall control and 
management architecture , together with the description of the models adopted to MS control struc- 


tures and their corresponding power electronic interfaces are also presented. Such modeling is of 
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paramount importance for the success of the development of the research work of this dissertation. 


18.2 The Foundation of Microgrid Concept 


Europe, North America and Japan are leading the revolution being faced in the conventional 
electric power systems operation paradigm, by actively promoting research, development and de- 
ployment of MG. Ul The MG concept was originally introduced in the United States by the Depart- 
ment of Energy, who have actively supported considerable work in the area more specifically , the 
Consortium for Electric Reliability Technology Solutions (CERTS) was founded in 1999 to re- 
search, develop and disseminate new methods, tools and technologies in order to protect and en- 
hance the reliability of the United States electric power system and the efficiency of competitive 
electricity markets. The CERTS electricity reliability research covers several areas, one of which 
is devoted to Distributed Energy Resources (DER) integration, by developing tools and tech- 
niques to maintain and enhance the reliability of electricity service through a cost-effective, decen- 
tralized electricity system based on high penetrations of DER. 

Since the early beginnings, a “fit and forget” policy was followed by distribution companies 
when connecting DG to the system. However, a true integration policy is needed, through which 
a system perspective is used to capture the potential benefits that may arise to customers and to the 
utilities form increasing DG penetration levels. The CERTS MG concept is an advanced approach 
aiming to the effective large scale DG integration in distribution systems. The conventional ap- 
proach for DER integration is focused on the impact resulting from the connection of a small num- 
ber of DG to the grid, as it can be seen by analysing the IEEE P1574 standard (IEEE standard for 
Interconnecting Distributed Resources with Electric Power Systems). The focus of this standard is 
to assure DG is quickly disconnected following the event of grid disturbances. On contrary, the 
MG is regarded as an aggregation of loads; MS and storage devices that can be operated connected 
to or separate from the main electricity grid. One of the key functionalities of the MG is to seam- 
lessly separate from a normal utility service is restored. Following system disturbances, DG and 
electrical loads can automatically separate from the main power system, therefore isolating the MG 
from the disturbance affecting the system. The adoption of intentional islanding practices can con- 
tribute to increase local reliability indexes to levels higher than the ones ensured by the electric 
power system as a whole. 

The CERTS MG concept assumes an aggregation of loads and MS operating in a single sys- 
tem and providing both power and heat to local consumers. The majority of MS should be power 
electronic interfaced in order to provide the required flexibility, assure MG operation as a single 
aggregated system and to achieve a plug-and-play simplicity for each MS. From the bulk power 
system perspective, the MG can establish contractual agreements for energy and possibly other 
services in a similar way to what happens with ordinary consumers or power producers. [8l From the 
technical point of view, MG connection to the distribution grid should satisfy at least minimum re- 


quirements that other conventional equipments are obliged to satisfy. However, the CERTS em- 
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phasizes MG flexibility should be explored further and should not be limited to not jeopardizing the 
surrounding electrical power system by behaving as a “good citizen”. 

The CERTS MG exploits mainly DG technologies with power electronic interfaces in order to 
provide the required flexibility and controllability. In principle, no limitations are imposed to DG 
ratings; nevertheless, pragmatic reasons related to availability and controllability, lead to focusing 
the effort on LV grids to which microturbines with power ratings less than 500 kW are connected. 
Although it is not the case, other emerging MS technologies like fuel cells can also be considered 
as candidates to be integrated in the MG. The possibility of extending the MG concept to large 
systems is also referred. In case of large sites, it is suggested to divide the loads in many control- 
lable units (buildings, industrial sites, etc. ) and exploit the distribution system for the intercon- 
nection of several MG in order to supply the entire system. Ma 

The basic CERTS architecture is shown in Fig. 18-1, where it is represented a typical LV dis- 
tribution system with several radial feeders (in these case A, B and C). The LV side of the distri- 


bution transformer is the Point of Common Coupling (PCC) between the MG and the distribution 


Energy manager 
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Fig. 18-1 The CERTS MG Architecture 
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system and it is used to define the boundary between both systems. |'°! At the PCC, the MG should 
comply with existing interface requirements (for example, the IEEE P1547 standard). As it 
shown in Fig. 18-1, the key elements of the CERTS MG architecture are: 

(1) Microsource Controller (Power and Voltage Controller). The basic MG operation relies 
on the MS controller in order to perform the following actions: control feeder power flow accord- 
ing to pre-defined criteria, voltage control at the MS connection point, load sharing among MS 
following MG islanding and MG synchronization with the upstream MV network. The response 
time of the MS controller is very fast (in the order of milliseconds) and the control functions are 
performed using only measurements available locally at the controller connection point. Running in 
a larger time frame, the Energy Manager, a kind of central control system, defines operational 
strategies to achieve an optimal management of the entire MG. This requires a communication 
channel to be established between the Energy Manager and the MS controllers. The MG control 
architecture confers the plug-and-play characteristic to MS, that is: MS can be connected to the 
MG without requiring modification in the control and protection functions of the units already mak- 
ing part of the system. 

(2) Energy Manager. The Energy Manager is responsible for managing the MG operational 
control, by periodically providing the adequate power and voltage dispatches to the MS controllers 
according to pre-defined criteria such as; reduction of MG losses, maximizing MS operation effi- 
ciency, satisfying the contractual agreements at the PCC, etc. The control functions in the Energy 
Manager are executed with a periodicity of a few minutes. 

(3) Protections. The MG protection scheme should ensure an adequate response to faults oc- 
curring in the upstream MV network or in the MG itself in order to provide the required reliability 
levels to the critical loads or MG sections. The isolation speed is dependent on the specific cus- 
tomer loads on the MG (in some cases, voltage sag compensation can be used without separation 
from the distribution system in order to protect the critical loads). If the fault is located within the 
MG, the protection coordinator should isolate the smallest possible section of the radial feeder in 
order to eliminate the fault. The development of the protection system requires special attention 
due to the massive presence of power electronic converters, which have reduced capability to pro- 


“| Eventually , it will be necessary to develop alternative methods to the 


vide large fault currents. 
conventional over-current protection schemes used in distribution systems. 

In addition to MG islanding, the CERTS MG architecture allows the following operation 
modes when the MG is interconnected with the upstream system: 

(4) Unit Power Control Configuration. Each MS control its own power injection and the 
voltage magnitude at the connection point. This operation mode is specially envisaged for MS as- 
sociated to thermal loads, since electric power production is driven by thermal loads requirements. 

(5) Feeder Flow Control Configuration. The MS are operated in order to control the voltage 
magnitude at the point of connection and to maintain a schedule power flow in strategic points of 
the feeder. In this case, load variations in the feeder are picked up by the MS. 


(6) Mixed Control Configuration. In this case some MS regulate their output power, while 
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others control feeder flows. 


18.3 The Microgrid Operational and Control Architecture 


In the European Union, the first major effort devoted to MG was initiated with the Fifth 
Framework Program ( 1998-2002), which funded the R&D project entitled “MICROGRIDS— 
Large Scale Integration of Micri-Generation to Low Voltage Grids” . Within this project, a MG 
can be defined as a LV network (e. g., a small urban area, a shopping centre or an industrial 
park) plus its loads and several small modular generation systems connected to it, providing both 
power and heat to local loads. A MG may also include storage devices (such as batteries, fly- 
wheels or supercapacitors ) and network control and mamagement systems. The MG concept devel- 
oped within the MICROGRIDS project, and followed in this dissertation, is shown in Fig. 18-2. 
The figure illustrates a typical LV distribution network connected to the secondary winding of a 
MV/LV distribution transformer. This MG example includes: 
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Fig. 18-2 MG Architecture, Comprising MS, Storage Devices and a Hierarchical Control and Management System 


1) Several feeders supplying electrical loads. 

2) Microgeneration systems based on renewable energy sources such as Photovoltaic ( PV ) 
or micro wind generators and fuel-based MS in CHP applications (a microturbine and a fuel cell). 

3) Storage devices. 

4) A hierarchical-type management and control scheme supported by a communication infra- 


structure , in order to ensure all the elements of MG are aggregated in a single cell that is interfaced 
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to the electrical power system in a similar way as ordinary consumers or DG sources. 

A MG cell is intended to operate connected to or isolated from the upstream MV network, al- 
lowing the definition of the following operation modes; 

(1) Normal Interconnected Mode: the MG is connected to the upstream MV network, either 
being totally or partially supplied by it (depending on the dispatching procedures used to operated 
the MS) or injecting some amount of power into the main system (in case the relation between the 
MS production level and the total MG consumption allows this type of operation). 

(2) Emergency Mode: following a failure in the upstream MV network, or due to some 
planned actions (for example, in order to perform maintenance actions) the MG can have the abil- 
ity to smoothly move to islanded operation or to locally exploit a service restoration procedure in 
the advent of a general blackout. In both cases, the MG operates autonomously, in a similar way 
to the electric power systems of the physical islands. 

In order to achieve the desired flexibility, the MG system in centrally controlled and managed 
by the MicroGrid Central Controller (MGCC) , installed in the LV side of the hierarchical lev- 
el. °! The second hierarchical control level comprises MS and storage devices being locally con- 
trolled by a Microsource Controller (MC) and the electrical loads or group of loads being con- 
trolled by a Load Controller (LC). The proper operation and control of the entire system requires 
communication and interaction between the referred hierarchical control levels as follows: 

1) The LC and MC, on one hand, as interfaces to control loads through the application of 
the interruptability concept, and MS active and reactive power production levels. 

2) The MGCC, on the other hand, as the central controller responsible for an adequate tech- 
nical and economical management of the MG according to pre-defined criteria, by providing set- 
points to MC and LC. 

It is also expected the MGCC to be able to communicate with the Distribution Management 
System (DMS), located upstream in the distribution network, contributing to improve the man- 
agement and operation of the MV distribution system through contractual agreements that can be 
established between the MG and the DNO. In order to enable this scenario, the conventional ap- 
proaches to DMS need to be enhanced with new features related to MG connected on the feeders. 
The issues of autonomous and non-autonomous operation of the MG and the related exchange of 
information are examples of new important issues to be tackled in the near future. |'*! 

The MC can be housed within the power electronic interface of the MS. It responds in milli- 
seconds and uses local information and the demands from the MGCC to control the MS during all 
events. The MC will have autonomy to perform local optimization of the MS active and reactive 
power production, when connected to the power grid, and fast load-tracking following an islan- 
ding situation. LC also need to be installed at the controllable loads to provide load control capa- 
bilities following demands from the MGCC, under a Demand Side Management (DSM) policy, 
or in order to implement load shedding functionalities during emergency situations. By exploiting 
the proposed architecture , the required MG operation and control functionalities that assure a stable 


operation in the first moments subsequent to transients are implemented based only on information 
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available locally at the MC and LC terminals. Operational strategies intended for global MG opti- 
mization will run periodically (few minutes) in the MGCC and the resulting dispatch ( voltage set- 
points, active and reactive power set-points, loads to be shed or deferred in time, etc. ) will be 
communicated to local controllers (MC and LC) in a second stage corresponding to a larger time 
frame. 

The MGCC heads the technical management of the MG. During the Normal Interconnected 
Mode, the MGCC collects information from the MC and LC in order to perform a number of func- 
tionalities. A key functionality to be installed in the MGCC is forecasting of local loads and gener- 


ation. ‘'* 


'The MGCC will be responsible for providing system load forecasts (electric and possibly 
heat). It will also forecast in a simpler manner power production capabilities ( exploiting informa- 
tion coming from wind speed, insulation levels, etc. ) and it will use electricity and gas costs in- 
formation and grid needs, together with security concerns and DSM requests to determine the 
amount of power that the MG should absorb from the distribution system, optimizing the local pro- 
duction capabilities. The defined optimized operating scenario is achieved by controlling the MS 
and controllable loads in the MG in terms of sending control signals to the field. 

In the Emergency Mode, an immediate change in the output power control of the MS is re- 
quired, as they change from a dispatched power mode to one controlling frequency and voltage of 
the islanded section of the network. ''*’ Under this operating scenario, the MGCC performs an 
equivalent action to the secondary control loops existing in the conventional power systems: after 
the initial reaction of the MC and LC, which should ensure MG survival following islanding , the 
MGCC performs the technical and economical optimization of the islanded system. It is also im- 
portant to the MGCC to have accurate knowledge of the type of loads in the MG in order to adopt 
the most convenient interruption strategies under emergency conditions. Being an autonomous enti- 
ty, the MG can also perform local Black Start (BS) functions under certain conditions. If a sys- 
tem disturbance provokes a general blackout such that the MG was not able to separate and contin- 
ue in islanding mode, and if the MV system is unable to restore operation in a specified time, a 
first step in system recovery will be a local BS. The strategy to be followed will involve the 
MGCC, the MC and the LC using predefined rules to be embedded in the MGCC software. 

In the proposed MG architecture, some communication capabilities need to established be- 
tween the MGCC and the local controllers, namely for control and operational optimization purpo- 
ses. The amount of data to be exchanged between network controllers is small, since it includes 
mainly messages containing set-points to LC and MC, information requests sent by the MGCC to 
LC and MC about active and reactive powers and voltage levels and messages to control MG swit- 
ches. Also, the short geographical span of the MG may aid establishing a communication infra- 
structure using low cost communications. The adoption of standard protocols and open technolo- 
gies allows designing and developing modular solutions using off-the-shelf, low cost, widely 
available and fully supported hardware and software components. These solutions provide flexibil- 
ity and scalability for future low cost implementations. 


Having in mind the need to reduce costs in telecommunication infrastructures, an interesting 
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solution could be the exploitation of power lines communication purposes (using the Power Line 
Communication (PLC) technology). In this case, the connectivity characteristics of the power 
grid provide the appropriate physical link between the different elements of the MG control sys- 
tem. Therefore, a careful analysis and evaluation of the power grid as the physical path for the 
communication system was performed within the MICROGRIDS project, namely in what concerns 
the characteristics of the physical transmission channels. The attenuation of the communication sig- 
nal, as it propagates along the cable, can be too high if the communications path is too long. 
When evaluating the quality of the communications channel, another important factor must also be 
considered; the level and nature of the interfering signals that are present at the input of the receiv- 


. USA number of interfering signals are generated by the connected loads and, hence, have dif- 


er. 
ferent origins and characteristics, e. g. periodic signals (related to and/or synchronous with the 
power frequency) , impulse-type signals and noise-like signals. If the amount of interfering signals 
is too large, with respect to signal distortion, then the receiver will have difficulties to reproduce 
the original information with sufficient accuracy. 

Concerning the communication protocols to be used, a TCP/IP based transport protocol will 
provide extra functionality, flexibility and scalability, specially in terms future system evolutions 
like the exploitation of more complex scenarios (for example, multiple MG) or the use of the 
physical communication layer of the MG in order to support also other communication services. 
Additionally , the choice of a TCP/IP as the transport protocol makes possible the choice of any 
physical infrastructure. Therefore, it was proposed to support the MG control architecture without 
any specific dependence on the access technology, since a number of alternatives support the basic 


MG communication requirements. 
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1. Distributed Generation ( DG) 12. installation n. 48 
Ay ARAL 13. coordinated control PVE +E Hil 
2. Medium Voltage (MV) FUR 14. infrastructure n. ehhis it 
3. Low Voltage (LV) {RHE 15. intelligence n. fJ 
4. MicroSource (MS) — KF 16. functionality n. SHAE 
5. Renewable Energy Sources ( RES) 17. autonomous adj. HÉ 
FY FE BEV 18. storage devices Fiia 
6. Combined Heat and Power (CHP) 19. power electronic interfaces 
AEK Fa He 
7. Distribution Network Operator ( DNO) 20. Consortium for Electric Reliability Tech- 
FAC HEL PM zs E R nology Solutions ( CERTS) 
8. paradigm n. Wf E J FY Se PE SR HPP A 
9. scenario n. JE 21. Distributed Energy Resources ( DER) 
10. efficiency n. XCX Ay ARSC AER 


11. exploitation n. FÆ 22. conventional adj. IRKI 
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23. aggregation n. RIR 37. upstream system ETRA 

24. functionality n. HJE 38. thermal load fi Fer 

25. disturbance n. Fit 39. voltage magnitude FB JE Ni (EL 

26. microturbine n. WALA REWL 40. generation system RERA 

27. fuel cells PARE YE 41. infrastructure n. FEA DC HCE 

28. distribution system MERA 42. blackout n. (244, 

29. power flow Hù 43. centrally control 42 P 44 fil 

30. synchronization n. j2 44. hierarchical control 47A} ti] 

31. optimal management Fehiù E E 45. interruptability FJ =P WE 

32. plug-and-play adj. BHR ENH ÉS 46. operating scenario ENR 

33. periodicity n. JAHE 47. scalability n. PII RYE 

34. critical load = i FLA Fay 48. interfering signal FHRS 

35. power electronic converters 49. impulse-type signal kR 5 
Hey HE AR 50. transport protocol fn pil 


36. interconnect v. Hi 
Notes 


[ 1] In the last years, the electric power system experienced a massive adoption of Distributed 
Generation (DG) resources. 

FEMA AEP, HT RSA UR TO ASK ACH OR 

[2] In order to face these challenges and to realize the potential benefits of DG resources, it 
is imperative to develop a coordinated strategy for its operation and control, together with electri- 
cal loads and storage devices. 

H FTE HEE A Se Boo A OAC PE I, tll EAP Be HH ty p ET 
Fa HY WIE TAIRE hl AY RR AE Tn 


[3] The MG concept is a natural evolution of simple distribution networks with high 








amounts of DG, since it offers considerable advantages for network operation due to its additional 
control capabilities. 
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[4] A well designed MG is capable of enhancing power system reliability at the customer 











level, since two independent sources (the MV distribution grid and DG units) can be used to sup- 
ply the electrical loads. 

TE 3 PTE, ASCH s ER AY HP) BE AS ER ERRE, KAAS 
WE (APS He Pd Aloo A Kc He 2) DI Be EH HY Ai ty 


[5] Additionally, and in order to guarantee an efficient and reliable control of the MG un- 





der abnormal operating conditions, the most practical approach should rely on a network of local 


controllers in order to handle the resulting transient phenomena and guarantee MG survival. 
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[6] Therefore, adequate modeling of MS, storage devices and power electronic interfaces is 
also addressed in this chapter, since it is the first step required in order to evaluate the dynamic in- 
teractions that may occur within a MG and to evaluate the feasibility of the control strategies to be 
derived. 

HIE, PERC ER TE TMA THU. ETC AHL HL TROER, KANEN 
PEA AT REEMA Ae AE TAS A EVE A ll SAR SY FE TTT TS — E 


[7] Europe, North America and Japan are leading the revolution being faced in the conven- 














tional electric power systems operation paradigm, by actively promoting research, development 
and deployment of MG. 
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[8] From the bulk power system perspective, the MG can establish contractual agreements 








for energy and possibly other services in a similar way to what happens with ordinary consumers or 
power producers. 

N\A ASH ARORA, BOM AT EAEN, BLEDSOE IEF REDE AD LAH 
Jee] SAS TA Be REAA KA IR 


[9] In case of large sites, it is suggested to divide the loads in many controllable units 








(buildings, industrial sites, etc. ) and exploit the distribution system for the interconnection of 
several MG in order to supply the entire system. 

TEE SIN, SEEM ET BSC, EDO HRT AVE TPE (WE 
By. TUMAS), BEAD 2 fo HP) ER CASE 

[10] The LV side of the distribution transformer is the Point of Common Coupling (PCC) 





between the MG and the distribution system and it is used to define the boundary between both 
systems. 

CE Ande HE, P Sj PACH, ZR E L M) ECB AR AY ZERO (PCC), EDR EB 
REZ MDH 


[11] The development of the protection system requires special attention due to the massive 





presence of power electronic converters, which have reduced capability to provide large fault cur- 
rents. 

FH PFE, HL ie PTE, RA ROC i BR EL Dd FB RAR CY IRR he BARE 
BNA 

[12] In order to achieve the desired flexibility, the MG system in centrally controlled and 
managed by the MicroGrid Central Controller (MGCC) , installed in the LV side of the hierarchi- 
cal level. 

iT SEAM T i AS RHE, ORG oc PO) De Pas th aie (MGCC) RP PE till FP BEY fk HL PY ARE 
RERE, 


[13] The issues of autonomous and non-autonomous operation of the MG and the related ex- 





change of information are examples of new important issues to be tackled in the near future. 
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[14] A key functionality to be installed in the MGCC is forecasting of local loads and gener- 








ation. 
Z MGCC WAERME H EHR EIT h fa r AH YY, 


[15] In the Emergency Mode, an immediate change in the output power control of the MS 








is required, as they change from a dispatched power mode to one controlling frequency and volt- 
age of the islanded section of the network. 
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[16] When evaluating the quality of the communications channel, another important factor 





must also be considered ; the level and nature of the interfering signals that are present at the input 
of the receiver. 
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Chapter 19 High Voltage Insulation 


19.1 Introduction 


Transient overvoltages caused by lightning strikes to transmission lines and by switching oper- 
ations are of fundamental importance in selecting equipment insulation levels and surge-protection 
devices. |"! 

The transmission line constants R, L, G, and C were recognized as distributed rather than 
lumped constants. When a line with distributed constants is subjected to a disturbance such as a 
lightning strike or a switching operation, voltage and current waves arise and travel along the line 


t. '?) When these waves arrive at the line terminals, reflected 


at a velocity near the speed of ligh 
voltage and current waves arise and travel back down the line, superimposed on the initial waves. 

Because of line losses, traveling waves are attenuated and essentially die out after a few re- 
flections. Also, the series inductances of transformer windings effectively block the disturbances , 
thereby preventing them from entering generator windings. However, due to the reinforcing action 
of several reflected waves, it is possible for voltage to build up to a level that could cause trans- 
former insulation or line insulation to arc over and suffer damage. [3] 

Circuit breakers, which can operate within 50ms, are too slow to protect against lighting or 
switching surges. Lighting surges can rise to peak levels within a few microseconds and switching 
surges within a few hundred microseconds—fast enough to destroy insulation before a circuit 
breaker could open. However, protective devices are available. Called surge arresters, these can 
be used to protect equipment insulation against transient overvoltages. These devices limit voltage 


to a ceiling level and absorb the energy from lightning and switching surges. 


19.2 Lightning 


Cloud-to-ground (CG) lightning is the greatest single cause of overhead transmission and 
distribution line outages. Data obtained over a 14-year period from electric utility companies in the 
United States and Canada and covering 25, 000 miles of transmission show that CG lightning ac- 
counted for about 26% of outages on 230kV circuits and about 65% of outages on 345kV circuits. 
A similar study in Britain, also over a 14-year period, covering 50, 000 faults on distribution lines 
shows that CG lightning accounted for 47% of outages on circuits up to and including 33kV. 

The electrical phenomena that occur within clouds leading to a lightning strike are complex 
and not totally understood. Several theories generally agree, however, that charge separation oc- 


curs within clouds. Wilson postulates that falling raindrops attract negative charges and therefore 


214| BALES EOUS WRF 


leave behind masses of positively charged air. The falling raindrops bring the negative charge to 
the bottom of the cloud, and upward air drafts carry the positively charged air and ice crystals to 
the top of the cloud, as shown in Fig. 19-1. Negative charges at the bottom of the cloud induce a 
positively charged region, or “shadow,” on the earth directly below the cloud. The electric field 


lines shown in Fig. 19-1 originate from the positive charges and terminate at the negative charges. 


Height (km) 





Electric field lines 


Fig. 19-1 Postulation of Charge Separation within Clouds 


When voltage gradients reach the breakdown strength of the humid air within the cloud, typi- 
cally 5kV/cm to 15kV/cm, an ionized path or downward leader moves from the cloud toward the 
earth. The leader progresses somewhat randomly along an irregular path, in steps. l4] These leader 
steps, about 50m long, move at a velocity of about 10°m/s. [5] As a result of the opposite charge 
distribution under the cloud, another upward leader may rise to meet the downward leader. When 
the two leaders meet, a lightning discharge occurs, which neutralizes the charges. 

The current involved in a CG lightning stroke typically rises to a peak value within | tolOys, 
and then diminishes to one-half the peak within 20s to 100s. The distribution of peak currents is 
shown in Fig. 19-2. This curve represents the percentage of strokes that exceed a given peak cur- 
rent. For example, 50% of all strokes have a peak current greater than 45kA. In extreme cases, 
the peak current can exceed 200kA. Also, test results indicate that approximately 90% of all 


strokes are negative. 
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Fig. 19-2 Frequency of Occurrence of Lightning Currents That Exceed a Given Peak Value 


Chapter 19 High Voltage Insulation § || 215 


It has also been shown that what appears to the eye as a single flash of lightning is often the 
cumulative effect of many strokes. A typical flash consists of typically3 to 5, and occasionally as 
many as 40, strokes, at intervals of 50ms. 

A typical transmission-line design goal is to have an average of less thanO. 50 lightning outa- 
ges per year per 100 miles of transmission. ‘°! For a given overhead line with a specified voltage 
rating, the following factors affect this design goal: 

1) Tower height; 

2) Number and location of shield wires; 

3) Number of standard insulator discs per phase wire; 

4) Tower impedance and tower-to-ground impedance. 

It is well known that lightning strikes tall objects. Thus, shorter, H-frame structures are less 
susceptible to lightning strokes than taller, lattice towers. Also, shorter span lengths with more 
towers per kilometer can reduce the number of strikes. 

Shield wires installed above phase conductors can effectively shield the phase conductors from 
direct lightning strokes. Fig. 19-3 illustrates the effect of 


shield wires. Experience has shown that the chance of a 





direct hit to phase conductors located within + 30°arcs be- 
neath the shield wires is reduced. '’! Some lightning strokes 
are, therefore, expected to hit these overhead shield 
wires. When this occurs, traveling voltage and current 
waves propagate in both directions along the shield wire 
that is hit. When a wave arrives at a tower, a reflected 
wave returns toward the point where the lightning hit, and 


two refracted waves occur. One refracted wave moves a- 





long the shield wire into the next span. Since the shield 





ZI 


wire is electrically connected to the tower, the other re- 

Fig. 19-3 Effect of Shield Wires 
fracted wave moves down the tower, its energy being 
harmlessly diverted to ground. [3] 

However, if the tower impedance or tower-to-ground impedance is too high, its voltages that 
are produced could exceed the breakdown strength of the insulator discs that hold the phase wires. 
The number of insulator discs per string is selected to avoid insulator flashover. Also, tower im- 
pedances and tower footing resistances are designed to be as low as possible. If the inherent tower 
construction does not give a naturally low resistance to ground, driven ground rods can be em- 


ployed. Sometimes buried conductors running under the line (called counterpoise) are employed. 


19.3 Switching Surges 


The magnitudes of overvoltages due to lightning surges are not significantly affected by the 


power system voltage. On the other hand, overvoltages due to switching surges are directly pro- 
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portional to system voltage. Consequently, lightning surges are less important for EHV transmis- 
sion above 345kV and for UHV transmission, which has improved insulation. Switching surges 
become the limiting factor in insulation coordination for system voltages above 345kV. 

One of the simplest and largest overvoltages can occur when an open-circuited line is ener- 


gized, as shown in Fig. 19-4. Assume that the circuit breaker closes at the instant the sinusoidal 
source voltage has a peak value /2 V. Assuming zero source impedance, a forward traveling volt- 


age wave of magnitude /2 V occurs. When this wave arrives at the open-circuited receiving end, 


where [, = +1, the reflected voltage wave superimposed on the forward wave results in a maxi- 


mum voltage of 2 /2 V =2. 83V. Even higher voltages can occur when a line is reclosed after mo- 


mentary interruption. 





V2V cosat 





O 





Fig. 19-4 Energizing an Open Circuited Line 


In order to reduce overvoltages due to line energizing or reclosing, resistors are almost al- 
ways preinserted in circuit breakers at 345 kV and above. ° Resistors ranging from 200. to 8000 
are preinserted when EHV circuit breakers are closed, and subsequently bypassed. When a circuit 
breaker closes, the source voltage divides across the preinserted resistors and the line, thereby re- 
ducing the initial line voltage. When the resistors are shorted out, a new transient is initiated, but 
the maximum line voltage can be substantially reduced by careful design. 

Dangerous overvoltages can also occur during a single line-to-ground fault on one phase of a 
transmission line. When such a fault occurs, a voltage equal and opposite to that on the faulted 
phase occurs at the instant of fault inception. Traveling waves are initiated on both the faulted 


L10] At the line ends, reflections are 


phase and, due to capacitive coupling, the unfaulted phases. 
produced and are superimposed on the normal operating voltages of the unfaulted phases. U Kim- 
bark and Legate show that a line-to-ground fault can create an overvoltage on an unfaulted phase 


as high as 2. 1 times the peak line-to-neutral voltage of the three-phase line. 


19.4 Insulation Coordination 


Insulation coordination is the process of correlating electric equipment insulation strength with 
protective device characteristics so that the equipment is protected against expected overvoltag- 
es. °! The selection of equipment insulation strength and the protected voltage level provided by 


protective devices depends on engineering judgment and cost. 
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As shown by the top curve in Fig. 19-5, equipment insulation strength is a function of time. 
Equipment insulation can generally withstand high transient overvoltages only if they are of suffi- 
ciently short duration. However, determination of insulation strength is somewhat complicated. 
During repeated tests with identical voltage waveforms under identical conditions, equipment insu- 


lation may fail one test and withstand another. 


A 
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Fig. 19-5 Equipment Insulation Strength 


For purposes of insulation testing, a standard impulse voltage wave, as shown in Fig. 19-6, 
is defined. The impulse wave shape is specified by giving the time T, in microseconds for the volt- 
ages to reach its peak value and the time T, for the voltage to decay to one-half its peak. One 
standard wave is a 1. 2 x50 wave, which rises to a peak value at T, =1.2\s and decays to one- 


half its peak at T, =50 qus. 


Instantaneous 
voltage 


Time 


(us) 





Fig. 19-6 Standard Impulse Voltage Waveform 


Basic insulation level or BIL is defined as the peak value of the standard impulse voltage 
wave in Fig. 19-6. Equipment conforming to these BILs must be capable of withstanding repeated 
applications of the standard waveform of positive or negative polarity without insulation failure. es 
Also, these standard BILs apply to equipment regardless of how it is grounded. 

Note that over-transmission-line insulation, which is external insulation, is usually self-resto- 


ring. When a transmission-line insulator string flashes over, a short circuit occurs. After circuit 
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breakers open to deenergize the line, the insulation of the string usually recovers, and the line can 
be rapidly reenergized. However, transformer insulation, which is internal, is not self-restoring. 
When transformer insulation fails, the transformer must be removed for repair or replaced. 

To protect equipment such as a transformer against overvoltages higher than its BIL, a protec- 
tive device, such as that shown in Fig. 19-7, is employed. Such protective devices are generally 
connected in parallel with the equipment from each phase to ground. As shown in Fig. 19-5, the 
function of the protective device is to maintain its voltage at a ceiling voltage below the BIL of the 
equipment it protects. The difference between the equipment voltage and the protective device ceil- 


ing voltage is the protection margin. 


Incoming line 


Protective Equipment 
device quip 


Fig. 19-7 Single-Line Diagram of Equipment and Protective Device 








Protective devices should satisfy the following four criteria; 

1) Provide a high or infinite impedance during normal system voltage, to minimize steady- 
state losses. 

2) Provide a low impedance during surges, to limit voltage. 

3) Dissipate or store the energy in the surge without damage to itself. 

4) Return to open-circuit conditions after the passage of a surge. 

One of the simplest protective devices is the rod gap, two metal rods with a fixed air gap, 
which is designed to spark over at specified overvoltages. Although it satisfies the first two protec- 
tive device criteria, it dissipates very little energy and it cannot clear itself after arcing over. 

A surge arrester, consisting of an air gap in series with a nonlinear silicon carbide resistor, 
satisfies all four criteria. The gap eliminates losses at normal voltages and arcs over during over- 
voltages. The resistor has the property that its resistance decreases sharply as the current through it 
increases, thereby limiting the voltage across the resistor to a specified ceiling. The resistor also 
dissipates the energy in the surge. Finally, following the passage of a surge, various forms of arc 
control quench the arc within the gap and restore the surge arrester to normal open-circuit condi- 
tions. l” 

The “gapless” surge arrester, consisting of a nonlinear metal oxide resistor with no air gap, 
also satisfies all four criteria. At normal voltage the resistance is extremely high, limiting steady- 
state currents to microamperes and steady-state losses to a few watts. During surges, the resistance 


L5] After the surge 


sharply decreases, thereby limiting overvoltage while dissipating surge energy. 
passes, the resistance naturally returns to its original high value. One advantage of the gapless ar- 


rester is that its ceiling voltage is closer to its normal operating voltage than the conventional arrest- 
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er, thus permitting reduced BILs and potential savings in the capital cost of equipment insula- 
tion. "6 

There are four classes of surge arresters; station, intermediate, distribution, and secondary. 
Station arresters, which have the heaviest construction, are designed for the greatest range of rat- 
ings and have the best protective characteristics. Intermediate arresters, which have moderate con- 
struction, are designed for systems with nominal voltages 138kV and below. Distribution arresters 
are employed with lower-voltage transformers and lines, where there is a need for economy. Sec- 


ondary arresters are used for nominal system voltages below 1000V. 


New Words and Expressions 











1. transient overvoltage HEE 21. neutralize v. PAI 

2. lightning strike 487% 22. diminish v. WD 

3. switching operation FXE 23. cumulative adj. BRES 
4. surge-protection 3$ EARI 24. shield wire Htm 2k 

5. distributed adj. SJE IRAY 25. insulator discs WE HT 
6. lumped adj. 42' PH 26. lattice tower KIII AE 
7. reflected wave ATY 27. span length H5 HJE 

8. attenuate v. FEYK 28. propagate v. [4% 

9. arc over BINAE, TEBE 29. flashover n. [N24 

10. switching surge #e(/Ew HIE 30. EHV (extra high voltage) jf fey He 
11. surge arrester Ji% Fa Ht 31. UHV (ultra high voltage) if irj FE 
12. ceiling n. EBR 32. energized adj. MEKI 

13. charge separation 4 fay 4) 33. reclose v. HA M] 

14. postulate v. {Ki 34. traveling wave 7{yi¥ 

15. raindrop n. Mii 35. self-restoring HWRE 

16. air draft “Cit 36. deenergize v. Wreg, 

17. ice crystal Kin 37. criteria n. RE 

18. electric field line E2 38. dissipate v. FER, PK 
19. breakdown strength FE 39. silicon carbide Mtb TH 
20. ionize v. HES 40. quench v. YK 

Notes 


[1] Transient overvoltages caused by lightning strikes to transmission lines and by switching 
operations are of fundamental importance in selecting equipment insulation levels and surge-protec- 
tion devices. 

Fla GE ch ad HL AIP CHR HE te SC YF ASE, H PERRE KOOP Fae HL RPS 
HEREZ, 


[2] When a line with distributed constants is subjected to a disturbance such as a lightning 








strike or a switching operation, voltage and current waves arise and travel along the line at a veloc- 
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ity near the speed of light. 
RAAT i BS AY A SS BN FB BE BRE SS TEI, UR ERNER A EAE 
Dab AY TR BE Pe ICH 


[3] However, due to the reinforcing action of several reflected waves, it is possible for volt- 








age to build up to a level that could cause transformer insulation or line insulation to arc over and 
suffer damage. 

RIM, FARO BAIS DISH, A n AEE EIE El — az AE, MA Se BR Hs in ls eB 
emia AE Ma ae, EMEA, 


[4] When voltage gradients reach the breakdown strength of the humid air within the cloud, 





typically 5 to 15kV/cm, an ionized path or downward leader moves from the cloud toward the 
earth. The leader progresses somewhat randomly along an irregular path, in steps. 

“ZS Ja AY ASB Bp BE IS SE 8 TA oe TR (5~15kV/em) IY, RAE z BS Te A) 
FPS EE TC PTCA, STE AECL UU He a] Pe HEE 

[5] These leader steps, about 50m long, move at a velcity of about 10°m/s. 

BEB SEL 50m, REBEL 10m s, 

[6] A typical transmission-line design goal is to have an average of less than 0. 50 lightning 





outages per year per 100 miles of transmission. 

FET 100miles (1mile~1.609km) $A BRA E ot A HK BOE LY At 0.5 RE 
WAER A bn 

[7] Experience has shown that the chance of a direct hit to phase conductors located within 





+30° arcs beneath the shield wires is reduced. 
Fel eH, EL ec PEER PIT 30° WAAR AERA MZ 


[8] Since the shield wire is electrically connected to the tower, the other refracted wave 





moves down the tower, its energy being harmlessly diverted to ground. 
FH FERRARE, EAU STB EEE A ES Ee He BS BS AL 


[9] In order to reduce overvoltages due to line energizing or reclosing, resistors are almost 





always preinserted in circuit breakers at 345kV and above. 
HN TWh > PA Ae Pa E RES WA ee AA ES UAE 345kV RD E R AY BT Bat aie PT 
Fei A M BEL 


[10] When such a fault occurs, a voltage equal and opposite to that on the faulted phase oc- 











curs at the instant of fault inception. Traveling waves are initiated on both the faulted phase and, 
due to capacitive coupling, the unfaulted phases. 

PARRE, EERE, Set SHS | TTA BAH, FTI 
FH teen PCB Pe, FARE bc BR tH Fn] NY Pa, 

[11] At the line ends, reflections are produced and are superimposed on the normal operat- 
ing voltages of the unfaulted phases. 

ERW, BOB EJH ERS Be PAE A BA TE AY 3 TTY HELE: 

[12] Insulation coordination is the process of correlating electric equipment insulation 


strength with protective device characteristics so that the equipment is protected against expected 
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overvoltages. 
HEB Er Ae PIS ed HL TRA HY) 2 eR PE SG PRR EE, TT REC 48 BE AS OH THUD 
WEEE, 


[13 ] Equipment conforming to these BILs must be capable of withstanding repeated applica- 











tions of the standard waveform of positive or negative polarity without insulation failure. 

FEAA LE TEAS i IK F YC 8 A BE AS IIS FR SZ TE PE A EB , MEE H 
TBC Bi 

[14] The resistor also dissipates the energy in the surge. Finally, following the passage of a 
surge, various forms of arc control quench the arc within the gap and restore the surge arrester to 
normal open-circuit conditions. 

Hart AeA PITA PAE, Ba, RID eC HM ee ill, PEAS 
FEL IRTE E Bk PAR IC FE HA E Fa PR SB TEAS AY IPR AR 


[15] During surges, the resistance sharply decreases, thereby limiting overvoltage while dis- 











sipating surge energy. 
TEI TAI, RELA PB, MAIRA ER, TIPE IS TEE 


[16] One advantage of the gapless arrester is that its ceiling voltage is closer to its normal op- 





erating voltage than the conventional arrester, thus permitting reduced BILs and potential savings 
in the capital cost of equipment insulation. 

JO) KRAE E te ART FAE SCE E te A — Me, EAE BI A eA K TEE, MA 
M FCF Re AREAS te KF A BC FS BA 





Chapter 20 System Protection 


20.1 Introduction 


In this chapter we consider the problem of power system protection. Good design, mainte- 
nance, and proper operating procedures can reduce the probability of occurrence of faults, but 
cannot eliminate them. ''! Given that faults will inevitably occur, the objective of protective system 
design is to minimize their impact. 

Faults are removed from a system by opening or “tripping” circuit breakers. These are the 
same circuit breakers used in normal system operation for connecting or disconnecting generators, 
lines, and loads. For emergency operation the breakers are tripped automatically when a fault con- 
dition is detected. Ideally the operation is highly selective; only those breakers closest to the fault 


operate to remove or “clear” the fault. The test of the system remains intact. 






























Fault conditions are detected by monito- Movable 
ring voltages and currents at various critical eee es 
points in the system. Abnormal values individ- k : i oh I ¢line 
ually or in combination cause relays to operate, I | 
energizing tripping circuits in the circuit break- rf | iced 
ers. A simple example is shown in Fig. 20-1. ! | | breaker 

A description of the operation is as fol- agen | 
lows. The primary current in the current trans- 
former is the line current 7,. The secondary 
current /{is passed through the operating coil of rene anes 
an overcurrent relay. When |Z| exceeds a 
specified pickup value , the normally open relay Manal tip 
contacts close. If the relay is of the plunger Fig. 20-1 Schematic of Overcurrent Protection 


type, the contacts close instantaneously. Other 

types of relays have an intentional and adjustable time delay. When the relay contacts close, the 
trip coil circuit is energized and the circuit breaker trips open. We can think of the trip coil as a 
solenoid whose movable core releases a latch, permitting the stored energy in a spring or com- 
pressed air tank to mechanically force open the movable contacts of the circuit breaker. We note in 
passing that the arc that forms between the circuit-breaker contacts when they open is extinguished 
by blowing away the ionized medium between the contacts using a blast of air or a transverse mag- 
netic field; since the AC arc current is zero twice each cycle, the arc goes out once the insulating 


properties of the medium are restored. [2] 
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20.2 Protection of Radial Systems 


We start by considering the simplest case, that of protecting a radial system, as shown in 
Fig. 20-2. The protection scheme specified should satisfy some general criteria assuring selectivity 
and redundancy. More specifically in this particular case, we wish to satisfy the following criteria; 

1) Under normal load conditions the circuit breakers B,, B,and B, do not operate. 

2) Under fault conditions only the closest breaker to the left of the fault should operate; this 
protects the system by clearing (and reenergizing) the fault while maintaining service to as much 
of the system as possible. 

3) In the event that the closest breaker fails to operate, the next breaker closer to the power 


source should operate. 3! This provision is called backup protection. 


1 2 




















Fig. 20-2 Radial System 


Suppose that there is a3-phase fault to the right of B,. The current J,, at B,, will increase 
from its prefault value to a, presumably, much larger fault value. The presence of this large cur- 
rent can be detected by an overcurrent relay at the breaker location and used to initiate the trigge- 
ring of B,. Stated more simply and directly in breaker terms, we can trip B, when its fault current 
magnitude exceeds a specified preset pickup value of current. If we set the pickup value of current 
low enough to trip B, for a fault at bus 3, then B, will certainly trip for the larger current accompa- 
nying a “closer in” fault anywhere on the transmission line to the right of B,. Thus B, protects the 
line and bus to its right, or stated differently, the transmission line and bus are in the protection 
zone of B,. 

What if B, fails to operate for a fault in its protection zone? We note that the fault current at 
B, is essentially the same as the fault current at B, , since the load current (supplying S,,) is small 
compared with the fault current. We could there fore set B, for the same pickup current value as B, 
but introduce a time delay so that B, would normally operate first; this deliberately introduced time 
delay is called a coordination time delay. Would this method of setting the pickup current value of 
B, interfere with its primary function in protecting against faults in its protection zone (line and 
bus between B, and B,)? Fortunately not, since faults within its protection zone are closer to the 
source and produce larger fault currents. If B, is set to trip for remote faults (in the protection 
zone of B, ) , it certainly can be expected to trip for faults within its own protection zone. The pre- 
ceding discussion for the two breakers B, and B, extends pairwise to any number of breakers in a 


radial system. A difficulty in extending the number of breakers, however, is the possibly exces- 
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sive trip time for the breakers nearest the source because of the summation of coordination time de- 
lays. [4] 

While for simplicity we have been discussing a symmetric3-phase fault, we certainly will 
want to protect our system against the more common general faults. The extension is simple 
enough. For example, for B,, the pickup current for each phase should be low enough that trip- 
ping occurs for any type fault of interest in its zone of protection. '*) The implementation will re- 
quire three overcurrent relays with their contacts in parallel in the trip circuit of the 3-phase circuit 
breaker. Thus, a fault on any phase trips the breaker. This practice of tripping all three phases is 
common in the United States. In some other countries single-pole switching may be used for some 
types of faults. 

We note that the plunger-type relay can be used as an overcurrent relay with adjustable pickup 
current. It can also be fitted with an oil dash pot or air bellows to provide an adjustable time de- 
lay. In practice, however, the time-delay adjustment is not accurate enough. To obtain a more ac- 
curate time delay, a relay of the induction-disk type is usually used. The basic torque generating 
principle is that of the common household watthour meter. In a watthour meter the angular veloci- 
ty of the rotating disk is proportional to the average power supplied; in this way by counting the 
number of revolutions we measure the energy (i. e. , the integral of power). The desired charac- 
teristic is achieved by designing the watthour meter so that the torque that drives the disk is propor- 
tional to the average power supplied: 

T=k|V||I\cosb (20-1) 
where œ is the phase angle between V and Z. There are also damping or braking magnets across the 
disk that cause an opposing torque proportional to the speed. Thus, in equilibrium we get the de- 
sired proportionality between angular velocity and average power. 

Although the actual construction of an induction-disk relay differs in detail, we can think of 
using a modified watthour meter element with the voltage and current coils connected externally to 
give a torque proportional to |Z|? alone. [6] Tf the disk is then restrained by a spiral spring, it will 
not turn until the current exceeds a certain pickup value. Beyond that value the higher the current 
magnitude, the faster the disk rotates and the less time it takes to rotate through a given angle. By 
having a moving contact that rotates with the disk “makeup” with a stationary contact, an “in- 
verse” time-current characteristic may be obtained. ae By adjusting the position of the stationary 
contact, the time delay may be varied and a family of time-current characteristics is obtained. 

To obtain an adjustable pickup current value, one might make the spiral spring tension adjust- 
able. In fact, the adjustment is obtained by varying the number of turns in the current coil of the 


relay by means of “taps” . 


20.3 System with Two Sources 


Let us consider what happens if we modify the system in Fig. 20-2 by adding a source to Bus 


3. The advantage of the modified system compared with a radial system is improved continuity of 
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service because the power can be supplied from either end. Additional circuit breakers are needed 


as shown in Fig. 20-3. 

















QO 





Fig. 20-3 System with Two Sources 


Note that a fault on Bus 1, or the line between Bus 1 and Bus 2, need no longer interrupt 
service to Bus 2 and Bus 3. This, of course, presumes correct operation by the breakers. 

Correct operation cannot be accomplished by the method discussed in the preceding section. 
To see this, suppose that there is a solid 3-phase fault at point (x) in Fig. 20-3. We want B,, and 
B,, to open to clear the fault. We do not want B,, and /or B,, to operate and interrupt service to 
Bus 2. Suppose that we attempt to use the method of the preceding section. We would set B,, to 
trip faster than B,, (and B, to trip faster than B,,) , which would imply correct action for a fault 
at point (x). But suppose that the fault were at point (y) instead. With relays set as described 
previously, B,, would trip before B,,, which would isolate Bus 2 unnecessarily. When the fault 
may be fed from either left or right, there is no way to coordinate the relay time delays properly. 

To remove faulted lines correctly, we require relays to respond only to faults occurring on 
their forward or line sides. [° The relays must therefore be directional. In this case B, would not 
operate for a fault at location (x); B,, and B,, could be coordinated so that B,, would operate 
first. On the other hand, with a fault at location (y), B,, would not operate and B,, and B,, could 
be coordinated so that B,, would operate first. In fact, with this directional feature, and for a sys- 
tem like that in Fig. 20-3 (i. e. , with a string of lines and buses fed from both ends) , the coordi- 
nation may be successfully accomplished just as in the case of a radial system, and the two break- 
ers closest to the fault would be expected to operate first. Note that these two breakers would not 
generally operate simultaneously since the short-circuit currents and coordination time delays would 
be different for the breakers to the left and the right of the fault point. 

Note, finally, that with directional relays the buses themselves are still protected. A fault at 
Bus 2, for example, is on the line sides of B,, and B,, and would be “seen” by these breakers. 

We next consider how this directional feature may be obtained. It is easiest to explain the bas- 
ic idea by considering only solid3-phase faults. Suppose that in Fig. 20-3 at B,,, using instrument 
transformers, we can measure the following phase a quantities; V,, the phase-neutral voltage, 
and J,,, the line current flowing from Bus 2 to Bus 3. 

Suppose that there is a symmetric 3-phase fault on the line to the right of B,, [ i.e. , in the 
forward direction at some point such as (x) ]. Then Z, will be in the form 

V 


ls = (20-2) 
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where Z is the total series impedance of the line between Buses 2 and 3 and À is the fraction of the 
total line between the breaker and the fault (i.e. , a number between 0 and 1). Z= | Z| ZZ is 
mostly reactive with ZZ =6, in the range 80 to 88°. Thus in practice, Z, lags V, by a large angle 
of almost 90°. 

On the other hand, suppose that there is a solid 3@ fault in the line to the left of B,, [i. e., 
in the reverse direction, say at point (y) ]. In this case, neglecting the relatively small load cur- 
rent supplying Sp, we find that 

L, = -h,= T (20-3) 


where Z’ is the total series impedance of the line between Buses | and 2, and A has the same 





meaning as before. ZZ’ will be in the same range as 7 Z (i.e. , in the range 80° to 88°) ; thus 
from Equation (20-3) we see that in this case I,, leads V, by an angle between 92° and 100°. 
Thus the phase of I,, relative to that of V, is a distinctive feature that can be used to determine the 


fault direction. 


20.4 Impedance (Distance) Relays 


There are some problems with coordinating time-delay over current relays even in the case of 
radial systems. If the string of lines and buses is too long, the time for operation of breakers close 
to the source becomes too large. To overcome this problem a different principle can be employed. 
It is true that over current is a characteristic feature indicating a fault condition. An even more dis- 
tinctive feature, however, is the ratio of voltage to current magnitudes. When there is a symmetric 
3-phase fault, the voltage drops and the current rises. Suppose that the voltage drops to 50% of its 
normal value while the current increases to 200% of its normal value. Then there is a4 : 1 change 
in the voltage-to-current ratio compared with only a 2 : | change in the current. 

A relay that operates on the basis of a voltage-to-current ratio is naturally called aratio or im- 
pedance relay. It is also called a distance relay; the reason will be seen when we describe its oper- 
ation. 

Consider Fig. 20-3 again and suppose that there is a solid 3-phase fault at point (x). Assume 
again that at B,, we measure the phase-neutral voltage V, and the current J,,. In this case the ratio 


V,/l is the driving-point impedance of the portion of the line between B, and the fault point 
(x): 

"A =AZ (20-4) 
where Z is the total line impedance and A is the fraction of the line between B,, and the fault. In 
general, V,/J,, is not a driving-point impedance and it is probably less confusing to consider it 
simply as a measured quantity at the observation point. 

The relay is designed to operate if | V,/L, | is small enough. Suppose that we wish 80% of 


the line to be in the zone of protection; then the relay would be designed to operate if | V,//,,|< 
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Ro £0. 81Z|. The relay would then operate for any (solid 3-phase) fault located within the nea- 
rest 80% of the line (i. e. , within the distance 80% of the length of the line). This explains the 
designation “distance” relay. We also speak of the reach of the relay; in this case the reach of the 
relay is 80% of the length of the line. 


The region of operation of the relay is seen to ' cerns 
Ie— Typical line impedance locus 





be any complex value of V,/I,, that lies within a ra- 





dius Ro of the origin of the complex plane. In Complex ae 
Fig. 20- 4 we show several possible outcomes pape WY 
(i.e. , values of V,/1,, under different condi- j Block a 
tions); the conditions refer to the fault points la- 
beled in Fig. 20-5. These points may be described 
as follows; Radius=Re 
(a) Fault on line at 60% point (trip) 
(b) Fault on line at 80% point ( marginal 
trip) Fig. 20-4 Zone of Operation of Impedance Relay 


(c) Fault on line at 100% point (block) 

(d) Fault on system just beyond protected line (block) 
(e) Fault on system much beyond protected line (block) 
(f) Typical normal operating condition (block) 

(g) Fault on line to the left of protected line (trip) 

(h) More distant fault in same line as (g) (block) 























(g) j l 
SE O * ota 


Zone 1 f. 





Fig. 20-5 Fault Points and Protected Zones 


To avoid an undesired trip under condition (g) we can include a directional relay, just as 
we did previously in the case of over-current relays. Also, as with the over-current relays, we can 
provide backup protection. Consider a section of the transmission system as shown in Fig. 20-5. 
We are considering only the relaying at the B,, location for the purpose of tripping B,,. We note 
that the other breakers (for example, B,,) are similarly equipped. 

Assuming the use of directional relay, we need only consider the system to the right of B,,. 
At B,, we install three impedance relays. The first, already described, has a reach out to, say, 
80% of the line and is set to trip instantaneously if |V,/J,,|<R,. This protected region is desig- 


nated Zone 1; it is also described as the primary, or instantaneous trip, Zone. The second imped- 
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ance relay has a longer reach; it includes all of Zone 2 (which contains Zone 1). If there is a 
fault at point (d) , for example, then after a time delay T, the breaker B,, will open. Presumably, 
point (d) is in the primary protection zone of breaker B,, and therefore B,, should open instantane- 
ously before B,, has opened. However, in the event B}, does not open, B,, will provide backup 
protection. Similarly, there is the action of the third impedance relay. After an even longer time 
delay T;, B,, provides backup protection for a Zone 3 fault (for example, at point (e) just be- 
yond the next set of downstream breakers). 

We have been discussing only the backup protection afforded by B,,. There is, of course, the 
backup protection by other breakers afforded to B,,. We note that directional-impedance relaying 
has the flexibility to protect effectively general transmission systems, not just radial ones. [°] A]- 
though the overall transmission system may be very complex, including many loops, the imped- 
ance relaying principle allows us to limit our attention to a much smaller domain. The system, lo- 
cally, may be as simple as the one shown in Fig. 20-5. 

The reader may wonder why Zone 1 in Fig. 20-5 was not specified to include the entire trans- 
mission line (i. e. , 100% of the line). The reason may be explained as follows. The impedance 
seen by the impedance relay for a fault at a point (c) just to the left of Bus 3 and at a point (d) 
just to the right of the bus is essentially the same; the impedance of the closed breakers and the bus 


structure is negligible. t 


Thus if point (c) were included in Zone 1 (instantaneous trip) , a fault 
at point (d) would also cause the instantaneous trip of B,,. This would be an undesirable trip 
since B,, should be allowed to clear the fault. The advantage of not tripping B,, when the fault is 
at point (d) more than compensates for the disadvantage of not tripping instantaneously when the 


fault is at point (c). Note that a fault at point (c) still causes (delayed) tripping of B,,. 


20.5 Differential Protection of Generators 


We consider next a very reliable method of pro- 










tecting generators and transformer banks from internal 


Main breaker Current 


faults. The basic idea as applied to generator protec- transformer 
tion may be seen in Fig. 20-6. Only the protection of 


phase a is shown. The scheme is repeated for the oth- 


Restraining 


er phases. Using the dot convention, the reader may ae 
windings 


x : : Operating 
check that the reference directions for primary and winding 


secondary current in the CTs is consistent. I 








If there is no internal fault, 7, =7,, and with i- h 





dentical current transformers, I} =. Since the CTs 
go 82 1 Neutral 


are connected in series, the current flows one second- breaker 


ary to the other, and there is no current in the operat- = 
ing winding of the relay. Now suppose that there is a Fig. 20-6 Generator Protection 


ground in the winding; or a phase-phase short. Then by Differential Relaying 
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I,A4I,, and thus J; #/ and a differential current 7; - I, flows in the operating winding. It is natu- 
ral to call such a relay a differential relay. 

It would seem reasonable to detect the differential current with an over-current relay, but in 
practice this is not done. The reason is the difficulty in matching the current transformer character- 
istics; they obviously cannot be identical. Even very small mismatches in, say, the turns ratio 
might cause significant differential current under full-load conditions or in the case of high currents 


[11 


due to fault conditions elsewhere. ‘''! On the other hand, raising the pickup value for the over-cur- 


rent relay to prevent improper operation at high generator currents would degrade the protection of 
the generator under light-load conditions. |! 

A solution to the problem is achieved by using a proportional or percentage type of differenti- 
al relay, where the differential current required for tripping is proportional to the generator current. 
A balanced-beam movement with a center-tapped restraining winding can be used to obtain this be- 


havior. The general idea is shown in Fig. 20-7. 


Beam 








Contacts 


fia 











Center-tapped restraining 
winding Operating winding 


Fig. 20-7 Proportional Differential Relay 
As in previous cases, the relay closes if the downward pull on the right side exceeds the 
downward pull on the left. The average downward pull on the right is proportional tothe square of 
the differential current (i. e. , to IZ! —I/|*). The average downward pull on the left (the restrai- 


ning force) is proportional to |// +//|7. Thus the condition for operation can be stated as 


I+ 
ae erly... | (20-5) 


2 average 


IU -ĽI1>k 


and has the desired proportional property. k is a constant that is adjustable by tap and air-gap (core 
screw) adjustments. Notice that as k is increased the relay becomes less sensitive. 


Assuming that [| and J; are in phase, it is easy to find the 






region of operation given by Equation (20-5). This is shown |z Slope=1.11 
in Fig. 20-8 for a value of k =0. 1. We note that the characteris- 
tic can be easily modified to give an unambiguous block zone in = —Slope=0.9 
the neighborhood of the origin. We also note that as an alterna- 
tive to the balanced-beam relay we have been describing, there 
are induction-type relays that also operate on differential cur- 
rents and have restraining windings. They have similar charac- ọ lal 
teristics to Fig. 20-8. Fig. 20-8 Operating Region of 


We have been considering the differential protection of Differential Relay 
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phasea of the generator winding; phases b and c are similarly protected. When any one of the 
three relays operates, the 3-phase line (main) circuit breaker and the neutral breaker open, isola- 
ting the generator from the rest of the system. The breakers, but not the tripping circuits, are 
shown in Fig. 20-6. In addition, the generator field breaker (not shown) would be tripped to 
deenergize the stator windings. This protects the generator in the event of (internal) phase-phase 
short, which would not be isolated with the opening of the main and neutral breakers. Since we 
need to open three different circuit breakers (main, neutral, and field), three sets of contacts 


must be available on each differential relay. 


20.6 Differential Protection of Transformers 


To protect a 3-phase transformer bank is somewhat more complicated because we must take 
into account the change in current magnitude and phase in going from the low-voltage to the high- 


L13] The differences must be canceled out before being applied to a differential relay. 


voltage side. 
Consider first the case of Y-Y or D-D connections. In this case, for practical purposes, the prima- 
ry and secondary currents are in phase in the steady state (exactly so if the magnetizing induct- 
ances are infinite) and only the current ratio changes need to be canceled out. A possible realiza- 
tion for a Y-Y connection is shown in Fig. 20-9. Only one phase of the 3-phase relay protection is 


shown; the protection for phases b and c would be the same. 


CBI n CB2 


















































Fig. 20-9 Differential Protection of Y-Y Transformer Bank 


Also shown in the figure are the phasea transformer bank currents J, and J, , which are related 
by the current gain a =1/n, where n is the voltage gain. It under normal, non-trip conditions we 
want the CT secondary currents to be equal (i.e. , I, =) while the primary CT currents are re- 
lated by J, =al,, we need to satisfy the following condition: 

L 


eke 20- 
I, al, (20°68) 
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Since a, A4/5/I, and a, I/I are the current gains of CT2 and CT1, respectively, we get the fol- 
lowing simple relation between current gains: 


ay 


a (20-7) 


a, 
From Equation (20-7) the desired CT ratings may be selected. For example, suppose that 
the voltage gain or step up ratio n=10. Then a=a,/a, =0. 1. We might pick the primary rating 
of CT1 to be 500; thus a, =5/500 =0. 01. Picking the primary rating of CT2 to be 50, we get a, 
=5/50 =0.1. Thus a,/a, =0.1, as required. The selection of CT ratings is natural; we need a 
higher rating (10 times higher) in the high-current side of the 3-phase transformer bank than in the 
low-current side. 
In other cases there may be difficulty in finding standard CTs with the necessary ratios. Other 
methods for accomplishing the same purpose include the use of autotransformers connected to the 


[1] Taps may also be provided in the dif- 


CTs with multiple taps that provide additional flexibility. 
ferential relay itself. 

There is an interpretation of the condition Equation (20-7) implying zero differential cur- 
rent, which will be helpful in considering the next case; the differential protection of D-Y trans- 
former banks. Consider the current gain in going from point (x) to point (y) in Fig. 20-9. There 
are two possible paths. If we go through the 3-phase transformer bank, the gain is Z,/I, =a. If we 
go through the CTs, the gain is (/'/I,) (1,/I,) =a,/a,. Thus to get zero differential current, 
Equation (20-7) says that the current gain must be the same for the two parallel paths. It is easy 
to show this condition must be true even if the current gains are complex numbers. The reader may 
note the connection with “normal” systems. Equation (20-7) says that the CT ratios and phase 
shifts should be in accordance with that of a normal system. 


In Fig. 20-10 we show the differential protection of a D-Y transformer bank. The basic idea 


can best be understood for a one-line diagram. 


ee 

















Fig. 20-10 Differential Protection of D-Y Transformer Bank 


The point to note is that the secondaries of CT2 are connected in D. Thus when we consider 
the phase a (per phase) current gain a,, we get a phase shift just as we do in the case of the D-Y 
power transformer bank; Equation (20-7) requires that the phase shifts be the same from the D to 


the Y sides. By wiring the sets of D-Y transformers identically, we get the same ( connection-in- 
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duced) phase shifts in going from the D to the Y sides. Of course, the current-gain magnitudes 


must also be equal, as required by Equation (20-7). 


20.7 Computer Relaying 


The electromechanical relays we have been discussing are rapidly being replaced by micropro- 
cessor-based relays. This is particularly the case in installations. For the most part the new relays 


L15] Thus the protection tech- 


replicate the functions and operating characteristics of the old relays. 
niques we have discussed involving backup protection and relay (time) coordination, etc. , carry 
over unchanged. The physical implementation, however, is very much changed. 

Some of the advantages of microprocessor-based relays include the following: 

1) Low cost. 

2) Low inventory. A few standard products may be variously and easily configured. 

3) Low maintenance. 

4) Very flexible tripping characteristics that can be changed with software and form a remote 
location. 

5) Self-monitoring with the ability to report relay failure automatically. 

6) A single relay with a single set of inputs can be programmed to carry out a number of 
functions (e. g. , distance protection for multiple zones). Instead of, say, three impedance re- 
lays, each with a different reach, to cover three different zones; we can combine the three func- 
tions into a single unit. 

7) Reduced panel space and station power. 

8) Additional functions. In addition to their primary function of providing protection, micro- 


l6] Voltage and cur- 


processor relay packages can also provide communications and recordkeeping. 
rent readings and relay and apparatus status can be transmitted to system operators. Detailed fault 
operating records (including oscillographs of fault currents and voltages) can be stored and dis- 
played. Line relays can calculate and display fault locations. Line relays can have a revenue mete- 


ring capability. 


New Words and Expressions 


























1. tripping n. BKN 10. in passing JHE, BRL aH 

2. intact adj. TC#EAY 11. transverse magnetic field 8 mR 
3. critical point IfA 12. backup protection Ja a(RiF 

4. relay n. AKL AR 13. protection zone {RI yi E] 

5. operating coil TMF 14. pairwise adj. WRS 

6. relay contact KFA 4 fik e, 15. dash pot dinar, Rupar 

7. plunger type ERER 16. damping n. bE 

8. solenoid n. IRIE 17. braking magnet i] BREE 

9.latch n. TIF, A 18. opposing torque JR JH) F256 
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19. spiral spring ERDEJE ASE 26. differential protection 32a) (RIF 

20. tension n. 5K AJ 27. phase-phase short +804 

21. directional relay 77 JEJ 4K AE 28. restraining winding tizh fa 

22. impedance relay HHT FA at 29. cancel out {Er (FRA) 

23. driving-point HKZ) s 30. autotransformer n. HAZE RAE 

24. designation n. 4K 31. microprocessor-based relay LAE FEL 4% 
25. dot convention JZ ip PPE 32. recordkeeping WIRT 

Notes 


[1] Good design, maintenance, and proper operating procedures can reduce the probability 
of occurrence of faults, but cannot eliminate them. 
REBT ARSE ASE AY ERE BB Pe AT ARDER AE BES, (EA Bo a ee BY 


[2] We note in passing that the arc that forms between the circuit-breaker contacts when they 





open is extinguished by blowing away the ionized medium between the contacts using a blast of air 
or a transverse magnetic field; since the AC arc current is zero twice each cycle, the arc goes out 
once the insulating properties of the medium are restored. 

FEWR ae ALL SR FT PRY FZ SOS SI | ake oS 28 Da BEM) ARE SH WE fih kT] BY E BS IP J 
KEL IMAY, BALES WIA, ZOU HLM HB MAARE, TL Se AAA EK 
SIN, BISK, 


[3] In the event that the closest breaker fails to operate , the next breaker closer to the power 























source should operate. 

TERA Rm AR BE SI VE AT PBUH UR AY RST a ASHEN o 
[4] A difficulty in extending the number of breakers, however, is the possibly excessive trip 
time for the breakers nearest the source because of the summation of coordination time ee 
Hæ, PES INE ett re OC Ty TE LE DAME, DSL A a EE i et tie SUES OP Tia] EX) AD I SS 
EE, U E E AS DO ees ie SIE TF EY Ti] < 


[5] For example, for B,, the pickup current for each phase should be low enough that trip- 

















ping occurs for any type fault of interest in its zone of protection. 
VA By i Bil, BEARRA SUF TTA ER, ARB AEE PRP K A CAE FE fi SS 2 Bo Bie Aa 
ZDK, 


[6] Although the actual construction of an induction-disk relay differs in detail, we can think 





of using a modified watthour meter element with the voltage and current coils connected externally 
to give a torque proportional to |/|* alone. 

KERM AY 2 HE ir BY SEs 28 FANS A], RATT A eH, EA E Dat AG FAL 
RABE e, KERR I? AEE Bi ARE HE 


[7] By having a moving contact that rotates with the disk “makeup” with a stationary con- 





tact, an “inverse” time-current characteristic may be obtained. 


EAE fi HS DOR ce, EAT AIR — A BR ETRE LE o 
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[8] To remove faulted lines correctly, we require relays to respond only to faults occurring 
on their forward or line sides. 

H SFE AUS TE M BR tic Bie eRe, PATT BE ATR E Ar A EE ATT ta E P A) 2 BA ti EPA AE 
Ml OM 

[9] We note that directional-impedance relaying has the flexibility to protect effectively gen- 
eral transmission systems, not just radial ones. 

FRAT AY LAGE, JH BEATA E AER i PEE A BCH PRD — A PS ABC, MT NA 
FR, 

[10] The impedance seen by the impedance relay for a fault at a point (c) just to the left of 
Bus 3 and at a point (d) just to the right of the bus is essentially the same; the impedance of the 
closed breakers and the bus structure is negligible. 

WCB TEER 3 WAM e AAM RIND, H BEHAE E aed 45 9 EAE A 
AA A TB AE AEG BL Sit AT DI UR o 

[11] Even very small mismatches in, say, the turns ratio might cause significant differential 
current under full-load conditions or in the case of high currents due to fault conditions elsewhere. 

that bh, BEFFE AZ) AY ANDO BC, CET Bitar REP te i Bist res FEL DALEY, (Ac 
LEAR FY HEI DAE A KRAI Hit 


[ 12] On the other hand, raising the pickup value for the overcurrent relay to prevent improp- 





er operation at high generator currents would degrade the protection of the generator under light- 
load conditions. 

ATi, AT MARTE FRJ, Miter aR ae SN REL, SREE 
BALE PF ACH BL AY RE 


[13] To protect a 3-phase transformer bank is somewhat more complicated because we must 








take into account the change in current magnitude and phase in going from the low-voltage to the 
high-voltage side. 
SAAS ae A AY PRP oS DB ARs B ES E EAA BE AE, ASER 


(si 





— Hb 

[14] Other methods for accomplishing the same purpose include the use of autotransformers 
connected to the CTs with multiple taps that provide additional flexibility. 

Hiba AKAR H I AAR AEE A EARBA ERA, X 
FEN AEREE HIRIE, 

[15] For the most part the new relays replicate the functions and operating characteristics of 
the old relays. 

ERER T, IAJE E aes as HIH RH ae AI SE TERE, 

[16] Additional functions. In addition to their primary function of providing protection, mi- 


croprocessor relay packages can also provide communications and recordkeeping. 


MEA. MOLARI RER SER ERD REI b, EA EAER 
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